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ABSTRACT
Reactive metals are routinely added in applications such as propellants and
explosives to increase energy density and total energy output. These ma-
terials are also becoming useful in warhead casings compared to traditional
inert materials because of their ability to enhance weapon output such as
peak blast pressure and blast impulse. Aluminum is a good candidate for
such enhanced blast applications involving structural reactive warhead cas-
ings due to its high combustion enthalpy; however, under explosive loading,
conventional aluminum casings expend little of the energetic potential stored
within the material. In addition, aluminum casings are capable of produc-
ing large fragments (on the order of mm’s) which can be difficult to ignite
and are accelerated away from the target, lending no additional reaction
enhancement to the initial blast. This study aims to determine the most
effective methods of increasing the reactivity of aluminum warhead casings
through modification of alloy composition and casing geometry using con-
trolled explosive initiation experiments. The study also explores effects of
explosive end confinement and impact induced fragment reactions. Transient
and quasi-static pressure measurements, high speed imaging, and spatially-
varying spectroscopy are performed to determine the effectiveness of reaction
enhancement for each alloy. In addition, analysis of coarse and fine fragments
collected during experiments provides insight into the role of fragmentation
size and distribution on reactivity enhancement of the aluminum materials.
Generation of fine particles below 10 µm during initial fragmentation is be-
lieved to play a key role in the casing reactivity enhancement immediately
following the high explosive detonation.
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CHAPTER 1
INTRODUCTION
1.1 Research Motivation
Reactive materials are now of interest for their role in increasing energy re-
lease and impulse of various energetic systems. Many studies have focused
on the addition of reactive metals to high explosive (HE) applications and
propellants in order to provide higher energy density and increased energetic
output [1, 2]. The use of metal-based reactive materials is now extending to
the application of structural energetic materials surrounding high explosives
to create enhanced blast warhead casings. Warheads used in the past have
typically implemented steel casing structures to encapsulate and protect the
internal high explosive. Steel has been used widely in this application due
to its relatively high density, good penetrating and structural properties,
and wide availability. Under explosive loading, inert steel encasements can
fracture to produce high-speed, lethal fragments which impart damage to
the target due to their kinetic energy [3]. Warheads with thinner steel cas-
ings produce smaller fragments with less lethality, whereas a warhead with
a thicker casing can be used when heavier and more lethal fragments are
desired to be coupled with the blast of the high explosive [4]. However, the
inert steel provides no additional energy to the weapon. On the contrary, it
leaches energy kinetically from the blast zone and reduces the damage effec-
tiveness of the initial blast wave. In contrast, casings and liners composed of
structural energetic materials have the potential to add energy to the initial
high explosive blast wave through early-time breakup and reaction of the
casing structure in the detonation products and ambient atmosphere. These
types of casings can be useful in defeating bunkers and structures, as well as
hard and deeply buried targets. Fragments generated by a reactive casing
can impart not only kinetic damage but also couple this kinetic energy with a
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secondary energy release from rapid chemical reaction upon fragment impact
[5, 6].
Aluminum possesses a high combustion enthalpy, is widely abundant, non-
toxic, and inexpensive compared to other potential reactive materials; this
makes it an excellent candidate for a structural energetic material. As shown
in Table 1.1 below, the energy yield of aluminum combustion is high for a rela-
tively light element. The complete oxidation of aluminum to aluminum oxide
(Al2O3) yields a specific energy output of approximately 31 kJ/g. Comparing
this to the detonation energy of explosives such as TNT, RDX, or HMX, it
can be seen that aluminum has great potential as a structural energetic ma-
terial, even if only a fraction of the case is oxidized. If the aluminum specific
combustion enthalpy is compared to combustion enthalpies of the explosive
materials, it still releases at least twice as much energy as fully reacted TNT.
Table 1.1: Specific Energy Comparison of Energetic Materials
[7, 8, 9]
However, aluminum is difficult to ignite. This allows only a fraction of its
potential energy (on the order of 6-10% of the available energy potential)
to be converted when used as a reactive structural material subjected to
explosive loading. As will be discussed in subsequent sections, aluminum
fragmentation coupled with ignition delay and relatively longer burn times
than the explosive material plays a large role in the limited conversion of
the energy stored in the material [10, 11]. If the fragments produced by
the aluminum casing under explosive loading are too large to easily ignite
(i.e., not in the fine particle regime), the energy stored in those fragments
will be kinetically leached from the blast zone similar to the scenario of a
steel casing. A situation such as this provides little to no blast enhancement,
especially if the fragments do not impact a target. Therefore, the overarching
objective of this study is to better understand the underlying phenomena
and factors associated with air blast enhancement of aluminum structural
energetic materials for enhanced blast warheads and to provide new blast
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and fragmentation data to the enhanced blast community through controlled
experimentation.
1.2 Air Blast and Casing Performance Metrics
When a high explosive material such as HMX or TNT is detonated it under-
goes a rapid, exothermic chemical decomposition during which the explosive
molecular bonds are broken and recombine to form hot gaseous products
within a matter of microseconds. Explosive reaction products typically in-
clude gaseous molecules such as water vapor (H2O), carbon dioxide (CO2),
carbon monoxide (CO), hydrogen (H2), and nitrogen (N2). The hot detona-
tion gases rapidly expand in all directions to produce a spherical shockwave
which travels through the surrounding medium at the speed of sound or
faster. The exothermic chemical reaction taking place can accelerate the
shockwave to produce a detonation velocity on the order of 4 - 9 km/s for
most solid explosives [7]. The initial shock is generally referred to as the ini-
tial blast wave produced by the high explosive. Most of the damage caused
by an explosive material is due to the rapid increase in pressure incurred
by the blast wave on surrounding objects or structures. Objects near the
blast experience a sharp increase in pressure which then decays to below the
ambient pressure. After passage of the shock, air begins to fill the void cre-
ated by the rapidly expanding gases and can create a large ”suction wind” as
the pressure finally equilibrates to the ambient pressure. A diagram showing
the various aspects of the initial blast wave is shown below in Figure 1.1.
This diagram depicts the pressure-time history that an observer or object
would feel in the far field of the blast. The sharp pressure rise to the peak
overpressure at the time of arrival is due to the rapid passing of the shock
front. The pressure then decays exponentially as the gases expand until it
falls below the ambient pressure at the duration time, thereby creating the
suction wind. As shown in the figure, the pressure then equilibrates with the
surrounding atmosphere over time.
The positive phase of the blast wave is that portion which generates above-
ambient pressures, while the negative phase represents pressures below that
of the ambient surroundings. Integrating under the positive phase of the
pressure-time curve provides the positive phase impulse of the initial blast
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Figure 1.1: Diagram of blast wave pressure phenomenon showing
positive and negative phases and peak overpressure. (Figure
taken from [12])
wave. This parameter gives information on the change in momentum im-
parted to objects in the path of the blast wave after high explosive initiation.
The blast wave impulse is highest close to the charge and its strength de-
cays radially from the initial blast source as 1
r2
, where r is distance from the
charge. The time of arrival can be used as a relative measure for comparing
how fast the blast wave reaches a certain distance from the point of deto-
nation. For many blast applications, the time of arrival, peak overpressure,
and positive phase impulse are the most important metrics.
Another air blast parameter is the long-duration overpressure, or the quasi-
static pressure (QSP), generated by the explosive reaction. In a sealed envi-
ronment, such as the blast chamber in this study, the high explosive reaction
heats the ambient surroundings causing an increase in pressure. The detona-
tion shock produced by the explosive also continues to do work locally on the
gas inside the chamber as it reverberates from the chamber walls. The work
performed on the interior gas increases the global, or quasi-static, pressure
inside the chamber over time, though the local pressure at a particular time
may fluctuate due to passing shock fronts and rarefaction waves [6]. Simi-
lar to the peak overpressure and blast impulse, a value for the QSP can be
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extracted by analyzing the pressure-time history, though over a longer time
scale on the order of 100’s of milliseconds. The QSP value must be extracted
by fitting the data appropriately depending on the scenario of the blast, as
is shown in Figure 1.2.
Figure 1.2: Pressure trace of detonation with fitting technique to
determine QSP in (L) a partially vented chamber and (R) a fully
sealed chamber. (Figure taken from [13])
In a partially vented blast chamber, the pressure trace of a blast can be
exponentially fit back to the initiation time of the event. This corresponds
to point A in the left of Figure 1.2. If the chamber contains an area for
the reaction gases to vent or escape, then a maximum gas pressure can be
determined with a linear fit of the initial pressure rise which will intersect the
exponential QSP fit, as shown at point B in the figure. The QSP value is then
determined from this intersection [13, 14]. If the chamber is fully sealed, the
pressure continues to grow until the shock reflections have diminished and a
steady state is achieved. The right half of figure 1.2 shows the steady state
QSP encircled by an ellipse. This portion of the data is averaged to determine
the steady state pressure held within the chamber. If the measurement time
is extended to longer time scales, a decay in the QSP data will occur due
to heat loss to the chamber walls. This decay can be accounted for during
data analysis, but this procedure is not necessary over shorter time scales
observed in this study.
The QSP value determined from a blast in an unvented chamber provides
insight into the energy release of the reactants during the event. Assuming an
unvented blast chamber with a constant volume and known initial pressure,
an ideal gas analysis can be used to determine a total energy release during
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reaction of a material within the chamber. The final QSP value that is
determined from the pressure history trace is used to calculate a change in
pressure (∆P). If the volume of the chamber (Vchamber), mass of the interior
gas (mgas), and the gas constant, R, are known, then the ideal gas equation
given by Equation 1.1 can be used to determine a change in temperature
(∆T) produced by the reaction within the chamber volume.
∆T =
∆PVchamber
mgasR
(1.1)
Once the temperature change due to reaction is calculated, the energy
output from the reaction can be determined using Equation 1.2. The value
for the constant volume specific heat, cv, is chosen for the gas initially held
within the chamber prior to reaction. Therefore,
Eoutput = mgascv∆T (1.2)
The calculated energy release value can be divided by the mass of the en-
ergetic material to yield a specific energy release that can be compared on a
mass basis between tests. The results of this calculation as they pertain to
this study are discussed later in the results chapter. While this calculation is
simple and beneficial, a number of assumptions are used in its implementa-
tion. One assumption made is that energy losses in the system are negligible.
These losses include energy sinks such as solid-phase residue heating and heat
transfer to the walls of the chamber through various modes. A correction
can typically be made to account for heat losses to the chamber through a
heat transfer analysis. In the time scales observable during the quasi-static
pressure measurement, significant heat losses to the chamber are negligible so
this assumption holds for the desired time scale. It is also assumed that the
specific heat of air remains constant during the measurement period. The
specific heat of air at constant volume changes approximatly 3% between
300-2000 K, which is a range that previous studies have measured during
explosive experiments depending on the chosen emissivity [15]. The change
in specific heat can be accounted for through an integral analysis rather than
a differential, but the degree of temperature increase that would cause signif-
icant specific heat differences only occurs on the order of a few microseconds
and, therefore, will not greatly affect the result of the calculation. The gas
is also assumed to be ideal during the entire test time. While the detonation
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of the high explosive produces products that will change the composition of
the gas, the volume of product gases generated is negligible when compared
to the volume of air in the test chamber used. The PBXN-9 explosive used
during testing is composed of 92% HMX which generates 927 L/kg of det-
onation gases. For 10 g of the explosive, only 9.3 liters of gas is released
upon detonation, which makes up only 0.5% of the entire 1812.3 liter cham-
ber volume. Therefore, the composition of the air inside the chamber will
not change significantly due to released detonation products. For a more
in-depth derivation of the ideal gas analysis implemented in this study, see
Ref. [6].
1.3 Introduction to Reactive Casing Combustion
Prior to outlining experimental methods and results, a brief introduction
to casing phenomena including fragmentation and combustion is necessary.
Previous work has outlined the stages of reactive casing combustion as: 1)
heating of casing fuel elements prior to fragmentation, 2) casing fragmen-
tation and expansion, and 3) casing fragment ignition and combustion [16].
The following section provides a short description of these processes that
occur during reactive casing combustion.
1.3.1 Initial Casing Expansion and Heating
Just after initiation, the high explosive within the casing converts its in-
ternal energy to an increase in temperature and pressure in a matter of
microseconds. As this pressure builds the casing experiences a high strain
rate loading on the order of 104/s - 105/s and begins to rapidly expand [17].
The deformation mechanisms that occur during the cylinder expansion are
largely governed by the material properties of the casing. Plastic necking,
void nucleation and coalescence, adiabatic shearing, and ductile fracture are
all viable mechanisms for various ductile materials [18, 19, 20]. Most duc-
tile metal casings also experience a certain extent of stable plastic stretching
prior to fracture and fragmentation which can lead to strained conditions
and work hardening of the material. In addition to heating caused from
the high explosive detonation products, these deformation mechanisms can
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also generate heat within the material during the fragmentation process. For
steel casings, the heat provided to the casing from deformation and detona-
tion products leaches energy from the explosive, but for reactive casings this
material heating process sets in motion fragment ignition and combustion
which has the potential to increase the net energy yield.
1.3.2 Natural Casing Fragmentation and Expansion
As the casing expands, the deformation mechanisms mentioned naturally
lead to fracture points within the casing as opposed to geometries which
may encourage predefined fracture locations. N. F. Mott was one of the
earliest scientists to explore the natural fragmentation of explosively loaded
cylinders and created a statistics-based fragmentation model which describes
the process using a Mott cylinder as shown in Figure 1.3 [21, 17]. The ide-
alized Mott cylinder portrays a rigid-plastic casing expansion under radial
loading and seeks to capture the fragmentation characteristics inherent in
such a scenario. While the actual fragmentation of exploding cylinders is
more complicated, especially for reactive casings on the micro-scale, this
model provides a tractable 1-D analysis of such an event disregarding any
combustion of reacting fragments. In fact, even with its shortcomings and
assumptions, many fragmentation models are still built on the foundation of
the Mott model rather than deriving an entirely new formulation. Follow-
ing high explosive initiation, the cylinder is in circumferential tension and is
undergoing uniform stretching. The Mott fragmentation model statistically
describes the strain-dependent fracture of the casing through a fracture acti-
vation function. As the casing instantaneously fractures at random locations
in time, tension release waves (Mott waves) propagate away from the point
of fracture. When a length of cylinder is encompassed by two separate Mott
waves, that section of cylinder can no longer be stretched or loaded and is
now a casing fragment being accelerated by the expanding HE detonation
products. The competition, then, of the propagation speed of the release
wave and the continued plastic strain of the casing dictates the distribution
of fragment sizes. At low strain rates, the propagation of the release wave
will dictate the distribution while at high strain rates the weakest fracture
points will dictate the distribution. For a mathematically detailed analysis
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of the theory, the reader is directed to References [21, 17, 22].
Figure 1.3: Mott diagram of cylinder fragmentation. (L)
Unloaded casing in initial state, (R) Radially loaded casing after
high explosive initiation. Figure taken from [17].
While the Mott analysis is a good starting point, it assumes that energy dis-
sipated in the fracture process is negligible and that fracture is instantaneous.
Research performed since Mott has shown otherwise and, therefore, the the-
ory required modification. Grady and Kipp developed an energy-based frag-
mentation model built on the foundation of Mott’s statistical-based model.
This formulation considers fracture energy dissipation using a cohesive zone
fracture analysis while taking into account material properties such as frac-
ture toughness. The cohesive zone analysis shows that the time to fracture
plays a significant role in the process [23]. While the Grady formulation did
not originally address the statistical spacing of fracture sites, Grady has re-
cently proposed a model which reconciles aspects of both the statistical- and
energy-based fragmentation formulations and agrees well with experimental
data collected from fragmented steel shells [17, 24].
Most of the theoretical fragmentation analysis given above was compared
primarily to experimental data from fragmenting thin steel shells and rings.
However, comparison work has also been performed using aluminum rings in
electromagnetically-driven expanding ring experiments. An expanding ring
experiment of aluminum 1100-O performed by Grady and Benson showed
that the Mott fragmentation model generated a better description of the
ductile material than that of the energy-based fragmentation model [25]. A
more recent review performed by Zhang and Ravi-Chandar, which compares
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both the Mott and Grady models with contemporary research in the area
of fragmenting shells, showed that further adjustment of the Mott model to
include onset of strain localization and development of fracture sites leads
to a more appropriate interpretation of ductile material fracture than that
of the Grady model [18]. While expanding ring experiments are beneficial
for observing fracture and fragmentation, most are conducted on rings with
thickness on the order of 1 mm. In practical applications, and in this present
study, the fragmenting cylinders are typically thicker (2-5 mm or more) which
brings into doubt the validity of expanding ring experimental results for such
applications. Also, these fragmentation models are framed around a natu-
rally fragmenting casing and will likely not hold true if the casing is modified
through ingredient variations, manufacturing processes, or geometrical mod-
ifications.
As the casing is fracturing, the fragments are simultaneously expanding
into the ambient surroundings due to the radial loading of the gaseous det-
onation products. Fragments with diameters on the order of 1 mm or larger
are less affected by drag and will fly out ahead of smaller diameter particles.
These fragments may not readily ignite due to their large size, but may po-
tentially reach the walls of a structure interior and react upon impact causing
a pressure contribution to the overall quasi-static pressure. The smaller frag-
ments with diameters on the order of tens of microns may be fully slowed by
drag forces or may be entrained within the flow of the blast wave, depending
on the fluid dynamics of the blast environment. These particles may also
more readily ignite and burn quickly to enhance the initial blast due to their
small size. Mixing with the ambient oxidizer outside the detonation prod-
ucts also plays a large role in the combustion of the heated fragments. If
the range of fragment sizes are too close together they will compete for and
expend local oxidizer which could quench particle combustion near the blast
zone and provide no additional energy enhancement. The effect of fragment
size on combustion will be discussed below.
1.3.3 Combustion Primer for Aluminum Reactive Casings
As previously mentioned, aluminum is potentially a very energetic material
when evaluating fuels on a mass basis. Its ability to oxidize in various en-
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vironments including oxygen, water vapor, carbon monoxide, and carbon
dioxide make it appealing for use in applications such as solid rocket motors
and high explosives. The addition of aluminum to these systems increases
energy density with minor weight penalties. Within the detonation products
of a high explosive, as is fitting for this study, aluminum oxidation with var-
ious oxidizing species can typically follow some of these ”global” reactions
[7]:
1.5O2(g) + 2Al(s) −→ Al2O3(s),∆Hc = −1590kJ (1.3)
3CO2(g) + 2Al(s) −→ 3CO(g) + Al2O3(s),∆Hc = −741kJ (1.4)
3H2O(g) + 2Al(s) −→ 3H2(g) + Al2O3(s),∆Hc = −866kJ (1.5)
3CO(g) + 2Al(s) −→ 3C(s) + Al2O3(s),∆Hc = −1251kJ (1.6)
As shown, the reaction of aluminum with pure oxygen produces the highest
heat of combustion followed by the reaction of aluminum with carbon monox-
ide. Equations 1.4 and 1.5 show that the reaction between aluminum/carbon
dioxide and aluminum/water vapor produces less energy. While aluminum
can oxidize within these various environments, the oxidation and burn time
of aluminum is highly dependent on different factors including temperature,
particle size, oxidizing species, and pressure [26]. Due to its reactive nature,
”clean” aluminum will oxidize even at room temperature and form a pas-
sivating oxide layer on its outer surface that is typically on the order of a
few nanometers thick. The outer aluminum oxide layer largely governs the
initial heating and ignition of aluminum particles and can greatly contribute
to ignition delays. In order for oxidizer to reach the aluminum core the oxide
layer must be disrupted, but the aluminum oxide layer has a melting tem-
perature of approximately 2350 K which defines the ignition temperature of
the aluminum particle. However, in the situation of an aluminum casing only
the outer surface contains the passivating oxide layer. Immediately following
11
high explosive detonation, the casing begins fracturing under the high strain
rate load and the generated fragments initially contain clean aluminum sur-
faces as the oxide layer has not yet formed. These clean aluminum surfaces
will begin reacting, especially at temperatures above the aluminum melting
point, approximately 930 K.
The primary factors that contribute to combustion of the aluminum frag-
ments are the temperature, pressure, and fragment diameter. The fragment
diameter is an important factor to consider in a reactive casing application
because it determines both the combustion characteristics and burn time
of the particles. Larger aluminum particles (typically greater than 20 µm)
have been shown to burn in a classical diffusion-limited regime where the
aluminum vaporizes and forms a vapor-phase, detached flame front off the
particle surface as shown in Figure 1.4 [27, 28, 29]. This regime for droplet
combustion is typically represented by a ”D2 law” for burn time, which means
that the burn time of the droplet scales as the diameter squared [30]. How-
ever, a widely used burntime correlation for aluminum particles in this size
regime is given by Beckstead as a D1.8T−0.2P−0.1X−1 scaling, where D is par-
ticle diameter, T is temperature, P is pressure, and X is mole fraction of
oxidizer [26]. The correlation provides a weak dependence on both pressure
and temperature and an exponent of 1.8 for the diameter dependence based
on a large experimental dataset spanning different studies. The correlation
also predicts the burning rate of aluminum in H2O to be half that in oxy-
gen and the burning rate of aluminum in CO2 to be about one fifth that
in oxygen. With such a slower burning rate in these oxidizing species, the
aluminum fragments are not likely to release energy very quickly in the high
explosive detonation products. For a larger fragment the diameter also has
an effect on ignition as it requires more time for the particle to heat to its
ignition temperature prior to combustion. As the casing ruptures, fragments
are ejected rapidly from the blast zone with larger particles traveling faster
than smaller ones due to drag and inertial effects. Therefore, larger frag-
ments may not have the residence time in the hot blast zone necessary for
ignition to provide enhanced blast performance depending on how quickly
the high explosive fireball reaches its peak temperature.
As the particle size decreases below 10 µm, the combustion regime char-
acteristics and particle burn time begin to shift away from the more classical
D2 depictions of particle combustion. As shown in Figure 1.4, the detached
12
Figure 1.4: Diagram outlining flame structure and temperature
profiles for different aluminum particle combustion regimes.
(Taken from [27].)
flame structure now moves closer towards the particle surface as oxygen dif-
fusion to the surface becomes fast relative to the reaction rate of aluminum.
For particle sizes ranging from approximately 3 - 11 µm, experimental data
indicate a transition toward lower values for the diameter exponent in burn
time correlations and also a exhibit a stronger dependence on both pressure
and oxidizing species [31, 32]. These studies provide exponents of less than
2, all the way down to around 0.2 - 0.4 with a nearly negligible temperature
dependence, as in the Beckstead correlation.
For aluminum nanoparticles (less than approximately 100 nm) a movement
towards kinetically-limited combustion becomes apparent and oxidation be-
gins to occur very near the surface of the particle as shown in the last portion
of Figure 1.4, which demonstrates the ”shrinking-core model” of aluminum
combustion. In this scenario, oxygen now diffuses through the oxide shell and
reacts with the interior aluminum. The particles in this size range typically
burn fastest and ignite at lower temperatures, but the burning temperature
of the particle is not significantly elevated. Experimental data shows that
nanoaluminum particle burn times have a stronger dependence on ambient
temperature and increase as ambient pressure increases [33]. The smaller
particle sizes are ideal for enhanced blast applications due to fast burn times
which release the particle’s energy in a short time to increase the momen-
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tum of the initial blast wave. The initial blast reaches the walls of the blast
chamber in the current study at approximately 1 millisecond, as will be dis-
cussed later. In Figure 1.5 below, the data correlated by Beckstead is shown
graphically alongside data collected by Bazyn et. al for smaller particle sizes
[26, 34]. When analyzing fragment burn time based on the figure, the alu-
minum particles will need to be below 20 µm and be readily ignited in order
to quickly contribute energy to the initial blast.
Figure 1.5: Graph of aluminum burn times compiled by Beckstead
[26] and burn times collected by Bazyn [34] (Taken from [35])
The application of fundamental aluminum combustion correlations to the
current casing scenario involves additional unknowns which may affect the
particle burn time and heat release. The transient interaction of fragments
with multiple oxidizing species and temperatures produces a unique environ-
ment that is not relatable through current correlations. Furthermore, the
effects of convection on burn time and complete combustion of fragments as
they are accelerated at high velocities remain unknown [31]. Many of the
models and experimental data sets produced focus on single particle com-
bustion, but the application of reactive casings strays from this setting as
fragments igniting close together can influence one another. While many
questions remain unanswered regarding reactive casing applications, work is
still ongoing to gain more understanding.
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1.4 Previous Work
Many of the practical studies involving reactive structural materials which
are available in the literature have originated from the Defense Threat Re-
duction Agency(DTRA) Advanced Energetics program. These studies have
compared inert steel and reactive structures when filled with traditional and
novel energetic materials. The tests are primarily carried out within a two-
room structure and analyze pressure traces at multiple points in both rooms.
When testing traditional steel casings containing novel energetic fills, Wil-
son et al. showed a modest increase of around 20% in both impulse and
peak overpressure of the air blast as compared to steel cases enclosing tra-
ditional fills such as TNT or PBXN-109 [36]. This effect is represented by
the diamond data points in Figure 1.6. However, when using reactive struc-
tural materials, a more significant increase of up to 60% was seen for both
the impulse and peak overpressure in air compared to a traditional casing
configuration [36], shown by the triangles in Figure 1.6.
Figure 1.6: Data from Wilson et al. showing performance
enhancement for novel fills and structural energetic casings.
Figure taken from [36].
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Another study performed by Zhang and Wilson compared the initial over-
pressure and impulse, the long-duration quasi-static pressure (QSP), and the
fragment distribution for both inert and reactive casings in air with various
charge to mass (C/M, or the ratio of mass of explosive to mass of casing) ra-
tios and energetic fills [3]. They showed that for reactive casings, a two-front
shock develops with an initial, weaker, accelerating shock due to reaction of
the casing followed by a stronger shock due to the detonation of the high ex-
plosive fill. This data is shown in Figure 1.7. As the C/M ratio was decreased
(i.e. casing mass increased), the strength of the two shocks was reduced and
and they were spaced further apart; however, the long-duration QSP was
increased by a factor of up to 1.84 over that of a bare charge. As C/M ratio
decreased, the fragment distribution produced by their reactive casings also
began to skew towards fewer, heavier fragments. This result shows that as
the C/M ratio varies, the size of the fragments and their combustion plays
a large role in affecting the initial blast and final QSP of the warhead. It
was concluded in this study that the initial, weaker shock in the two-shock
phenomenon was attributed to the early time combustion of very small frag-
ments generated by the detonation before they reached the chamber wall.
While the type of reactive materials used in these studies is not documented
in the open literature, the data show that reactive casings can positively af-
fect the performance parameters of cased warheads and can enable improved
design of enhanced blast warheads.
Figure 1.7: Data from Zhang et al. showing a decrease in blast
performance when casing mass is increased. Figure taken from [3].
16
Recently, more structural energetic material studies have been carried out
by Kim et al. in both confined and open test scenarios [16]. This work focused
on reactive casing performance relative to steel baselines and made a case for
two distinct casing reaction modes: impact induced reaction (IIR) and fine
particle reaction (FPR). Impact induced reaction occurs when the fragments
are too large to react quickly, but are instead ejected from the blast zone
at high speeds with more momentum than smaller fragments. The large
fragments then impact nearby structures (or interior walls if the casing is
enclosed) and react upon impact, thereby contributing to the overall pressure
relase. Fine particle reaction occurs when, as the name implies, the casing
fractures into particles which are small enough to burn quickly and release
energy to enhance the initial blast wave within a desired length of time. This
type of reaction is witnessed in the data as a rise in peak overpressure and/or
blast impulse. Kim’s study found that their ”SEM-1” material compared
very similarly to steel when detonated in an outdoor arena, showing the
reactive casing generated no significant fine particle reaction that enhanced
the initial blast field. However, tests performed with SEM-1 and SEM-2
in a partially confined setting showed the initial blast wave was relatively
unaffected but the subsequent reflections were stronger and faster for the
energetic material relative to a steel baseline. Kim contributes this reflection
enhancement to IIR of the larger particles that have interacted with the walls
of the structure’s interior. Idealized numerical simulations performed by the
study are outlined briefly in the paper and demonstrate how the expanding
metal particles compete for ambient oxygen. Simulation results show the
particle density is too high at early times to allow full particle reaction for
the oxygen content found within ambient air [16].
1.5 Experimental Objectives
The above review shows there have been studies comparing the relative per-
formance of structural energetic materials for use in enhanced blast applica-
tions. However, there is no published literature that parametrically analyzes
the reactivity and performance enhancement of these materials. The goal of
this application-driven study is to perform controlled blast experiments to
characterize factors relating to reactivity enhancement of aluminum-based
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structural energetic materials. Blast measurements, high speed imaging and
spectroscopy, and fragmentation data are collected to assess casing perfor-
mance enhancement relative to an established inert steel baseline and reactive
aluminum baseline. The research examines the effects of alloy variation, steel
confinement, and geometric modification on casing performance, as well as
the performance impact of varying charge to mass ratio and explosive end
confinement. This study also attempts to quantify a lower bound of the influ-
ence due to impact induced reaction within the test setup. These objectives
are addressed in the subsequent chapters. The experimental methodology
and diagnostics will be described in detail, followed by a thorough discus-
sion of the measurements and results of the study. Finally, the conclusions
of the research are summarized and recommendations for future work are
presented.
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CHAPTER 2
EXPERIMENTAL METHODS
2.1 Reactive Casing Variations
The air blast performance enhancement of Al 6061 annular casings (referred
to henceforth as the reactive baseline casing) is assessed in this experiment
through casing modification in various aspects. This study seeks to determine
factors that affect blast enhancement in aluminum casings through controlled
experimentation and parametric variation around the reactive baseline. The
goal of parametrically changing the baseline is to determine which modifi-
cations best enhance the amount of aluminum reaction in the casing and
further increase the initial blast and/or the quasi-static pressure output of
the casing. In this study, the charge to mass ratio of each test is kept con-
stant at C/M of 1:2 in order to better compare reaction data on a mass
basis. Each test implements 10 grams of PBXN-9 high explosive, which in
turn requires that each casing weigh approximately 20 grams. The casing
variation categories chosen for the experiments include internal and external
steel confinement, several different alloy compositions, and an assortment of
geometric modifications. All reactive casings are referenced against a set of
two inert steel casings that were tested at the same C/M ratio to provide
a baseline for reaction enhancement comparisons. An example of some of
the tested casings is shown in Figure 2.1, while key casing dimensions and
rationale for parameter choices are given in the subsequent sections.
2.1.1 Inert Steel Baselines
A firm baseline is necessary for comparison of all reactive casing experimental
data. As previously mentioned, traditional warheads implement steel casings
to confine the internal high explosive. In this experiment, two (2) inert steel
19
Figure 2.1: Casing Examples, (a) Al 6061 Baseline, (b) Axial
Tungsten Carbide Rods, (c) 5% Lithium Alloy, (d) Internal Steel
Confinement
casings were tested to represent an inert baseline against which all reactive
data could be referenced. A general purpose low carbon 1026 steel alloy was
used to create the casings, which were machined on a lathe to the appropriate
dimenions. Again, the charge to mass ratio is kept constant at C/M = 1:2
even for the inert baselines. Key dimensions and properties for the inert
baseline casings are provided in Table 2.1.
Table 2.1: Physical Properties of Inert Steel Baseline Casings
2.1.2 Aluminum 6061 Baselines
In addition to an inert baseline, the nature of the study requires a reactive
material baseline against which to compare the performance of the parametric
variations in order to determine enhancement effects. Aluminum 6061 was
chosen as the reactive baseline material due to its low cost, high aluminum
content (9˜5%), and easy machinability. A total of seven Al 6061 casings
were tested during the experiment. These reactive baseline casings were
tested throughout the duration of the study to ensure that measurement
repeatability was maintained throughout the study. Key dimensions and
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properties for the reactive baseline casings are provided in Table 2.2.
Table 2.2: Physical Properties of Reactive Baseline Casings
2.1.3 Inert Environment Testing
As previously discussed in the introduction, aluminum can react in various
oxidizing environments, including carbon monoxide (CO), carbon dioxide
(CO2), and water vapor (H2O), all of which are products of the high explo-
sive reaction. Therefore, it was necessary to determine whether the aluminum
casing reaction was primarily anaerobic (reaction within the detonation prod-
ucts of the high explosive), or primarily aerobic (reaction within the ambient
environment surrounding the casing prior to detonation). In order to de-
termine the principal reaction oxidizer, the blast chamber was flushed with
99.99% pure nitrogen (N2) gas.
An oxygen sensor made by Vernier was attached to a port at the back of the
chamber and a nitrogen gas cylinder was attached to the chamber’s side port
to flush the oxygen from the blast chamber. The rear vent of the chamber
was left open during the flushing process to prevent chamber pressurization.
The oxygen sensor assembly attached to the chamber can be seen in Figure
2.2 below. A voltmeter was used to read the calibrated output voltage of the
oxygen sensor until the reading achieved steady state.
The sensor, which has a +/- 1% volume of O2 accuracy, reached a steady
reading at approximately 6.2% oxygen content in the blast chamber. Based
on a one-dimensional gas mixing analysis, we can assume that the oxygen
percentage did not decrease further due to imperfect mixing and a low tem-
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Figure 2.2: Oxygen sensor attached to back of blast chamber to
measure progression of inert environment flush
perature of nitrogen as the gas entered the chamber. A graph showing the
comparison of the two calculations is presented in Figure 2.3. The graph
shows that for perfect mixing, a full 300 cubic foot tank of nitrogen would
flush out nearly all the oxygen within the chamber. However, if a mixing
efficiency of only 25% is used in the calculation, the trend lines up with the
measured oxygen composition of 6.2% O2. After reaching a steady value, the
nitrogen valve was closed and the casing was detonated. The pressure results
showed that the aluminum casing oxidation is primarily aerobic within the
ambient atmosphere. The properties of the casing are given below in Table
2.3.
Table 2.3: Physical Properties of Inert Environment Casing
2.1.4 Internal and External Confinement
It has been shown in previous blast chamber experiments at UIUC and in
discussions with other researchers [37] that confinement of a reactive material
casing can improve the energetic output of the system. Confinement of the
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Figure 2.3: One-dimensional mixing analysis of nitrogen flush of
the blast chamber showing perfect and imperfect mixing
assembly was achieved using a steel sleeve around the inside or outside of
the reactive material case, as shown in Figure 2.4. The confinement sleeves
in this experiment were machined from a 304 stainless steel material.
The goal of this variation was to exploit the effects of the detonation shock
produced by the high explosive. Aluminum and steel have different values
of shock impedance and a reflected shock is produced at an interface with
an impedance mismatch [38]. Therefore, when the detonation shock reached
the interface between the two annular materials, a reflected shock would form
and either raise or lower the pressure in the material, depending on which di-
rection the impedance mismatch occurred relative to the shock propagation.
The hypothesis for this configuration was that external steel confinement
would outperform internal steel confinement because it would confine the
aluminum longer in a high pressure, high temperature region before allowing
it to expand into the ambient atmosphere.
In these test configurations the C/M ratio was kept constant at 1:2 for the
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Figure 2.4: (a) Diagram of external confinement, (b) Diagram of
internal confinement, (c) Photograph of internal confinement
casing
whole casing, including the steel sleeve. This meant there was less reactive
material overall as compared to the other reactive casing tests. A total of five
confinement tests were performed. The thickness of the steel confinement was
varied in each test to determine whether the extent of confinement played a
role in the casing performance. Nominal steel thicknesses of 0.5 mm, 0.95
mm, and 1.40 mm were chosen for both internal and external configurations
based on total mass allowances and machining capabilities. A summary of
the casing dimensions and steel thicknesses are shown in Table 2.4.
Table 2.4: Physical Properties of Steel Confinement Casings
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2.1.5 Alloy variations
Metallurgists have long employed alloying techniques in an effort to improve
performance and structural properties of most common metals. The tech-
niques of chemical and mechanical alloying have extended to the field of
reactive and energetic materials to improve the reactivity, energy yield, and
structural stability of these materials [39, 40, 41, 42]. One aim of this study
is to analyze the effects of simple alloying as it applies to structural energetic
materials. Tested alloys include both commercial and custom materials in
an effort to determine how alloy additions contribute to improved or dimin-
ished reactive casing performance. A description of each tested alloy and its
justification is provided below.
Al 7068 Commercial Alloy
The aluminum 7068 commercial alloy was developed by Kaiser Aluminum
for applications requiring an aluminum alloy with improved strength and
corrosion resistance [43]. It has a slightly higher density than other aluminum
alloys at 2.85 g/cm3 and contains roughly 85-88% aluminum. Compared to Al
6061, Al 7068 possesses over twice the tensile strength and approximately half
the fracture toughness (ability of a material to resist fracture after cracking)
due to its preferred crystal orientation in the longitudinal direction [43]. As
a structural casing, this suggests that the Al 7068 alloy will maintain good
structural properties, yet fracture similarly to a brittle material such as steel
in the radial (transverse) direction. In contrast, the Al 6061 alloy has a higher
fracture toughness and will undergo fracture in a more ductile manner. The
Al 7068 alloy was tested to determine if the fracture toughness of the casing
would produce a smaller fragment distribution which would ignite and burn
more rapidly.
Al-Ga Alloy
A custom aluminum-gallium alloy was sand cast in-house with a 5% gal-
lium addition to create a casing with very low fracture toughness. Similar
to the Al 7068 casing, the Al-Ga casing was designed to shatter in a brittle
manner upon explosive loading and generate a fine fragment distribution.
While the low fracture toughness of Al 7068 is generated through crystal ori-
entation, the low toughness of the Al-Ga alloy occurs through liquid metal
embrittlement (LME). In the LME process gallium infiltrates the aluminum
grain boundaries and facilitates localized plastic deformation under loading,
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thereby severely decreasing ductility at fracture [44, 45, 46]. The sharp loss
of ductility essentially creates a brittle fracture scenario, much like the Al
7068 alloy. Gallium is known to have an equilibrium solubility of 20 wt.%
in solid aluminum which means that the 5% gallium alloy will be fully dis-
solved in the aluminum crystal lattice and should not form precipitates. The
hypothesis for the Al-Ga casing was that a fine fragment distribution would
be generated upon high explosive loading and would burn more rapidly.
Al 5083 Commercial Alloy
The aluminum 5083 commercial alloy contains roughly 95% aluminum and
5% magnesium by mass and has an increased fracture toughness relative to
the Al 6061 baseline. This material provides a more ductile casing with
the addition of the reactive magnesium alloy component. Previous research
has shown that when alloyed with magnesium, the ignition temperature and
igntion delay of aluminum are both decreased. The magnesium alloying com-
ponent induces a two-stage combustion process where the magnesium burns
first followed by aluminum combustion [47]. The alloying components reduce
the strength of the aluminum oxide layer, and the high temperature magne-
sium flame produced during combustion provides both heat and oxidizer to
the liquid aluminum surface which encourages further aluminum combustion
[48, 49].
Al-Mg Alloy
The next aluminum-magnesium alloy increased the magnesium content
from 5% to 10% by mass to observe the effects of increasing the reactive
component content in the casing. Ideally, the casing would retain much of
its structural properties yet receive a reactivity boost from the additional
magnesium for a more prompt burn to enhance the blast. This casing was
sand cast in-house and subsequently machined to size.
Mg AZ31B Commercial Alloy
While the study focuses primarily on aluminum-based reactive casings,
varying the content of magnesium to assess performance enhancement was
a goal of the alloy category. The Mg AZ31B alloy is readily available to
purchase and contains approximately 95% magnesium and 5% aluminum by
mass. This casing was tested to determine if alloys containing more magne-
sium were capable of outperforming aluminum-based materials even though
magnesium has a lower energy density.
Al-Li Alloy
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Lithium was the final reactive alloying component tested in the alloy vari-
ation category. Raw material of 95% aluminum and 5% lithium by mass
was obtained from Belmont Metals and melted in the sand casting furnace
facility at UIUC under drossing flux purchased from Budget Casting Supply.
A small amount of degassing powder from Budget Casting Supply was also
added to the melt to reduce hydrogen content within the molten metal. The
metal was poured and then machined to size to create the casing. Lithium,
like magnesium, lowers the ignition temperature and ignition delay of alu-
minum while also generating a high flame temperature to encourage rapid
aluminum ignition [50]. However, lithium only has an equilibrium solubility
of 4.2 wt.% in solid aluminum which implies that a eutectic structure will
form upon freezing. Additional alloys with higher percentages of lithium
could also not be tested due to this solubility limit and burning of excess,
dissoluble lithium during casting in ambient air.
Al 6061 Sand Cast Casing
A sand cast Al 6061 casing was tested for a twofold purpose: to act as a
baseline against other sand cast materials and to assess effects of processing
differences in the baseline measurement. While not strictly an alloy variation,
the structural differences in the material can produce effects similar to that
of alloying. Sand cast materials are typically more ductile than their wrought
counterparts and this property variation can potentially affect the material
breakout upon high explosive loading.
A summary of the alloy variation casings is given below in Table 2.5.
Three of the alloy casings were repeated near the end of the study to better
determine repeatability and collect fine fragments for analysis: an Al 7068
repeat, a Al-Li repeat, and a Al 6061 sand cast repeat. The original casings
are labeled with a ’(1)’ and the repeat casings are labeled with a ’(2)’.
2.1.6 Geometric Modifications
The detonation shock produced by the high explosive initiation, in conjuction
with a region of high pressure and temperature, presents a unique environ-
ment which can be exploited by the surrounding casing. After the initiation
of the high explosive, the detonation shock first interacts with the inner di-
ameter of the casing. A fraction of the blast shock is reflected at this interface
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Table 2.5: Physical Properties of Alloy Variation Casings
due to the impedance mismatch between the two materials and the rest is
transmitted through the casing. In the circumstance of a traditional casing,
the shock travels through the casing material until it reaches the outer di-
ameter of the casing where another reflection and transmission occurs. The
interaction between the shock and the casing while the HE products are si-
multaneously expanding leads to a natural fragmentation distribution of the
casing. However, the casing can be geometrically modified in order to better
exploit the shock phenomenon, enhance the aluminum casing reaction, and
alter the natural fragmentation distribution. Various techniques that have
been employed in this study are briefly outlined below.
Unfilled Holes & Dense Inclusions
Placing filled or unfilled axial holes within the casing takes advantage of
the shock by essentially creating a Richtmyer-Meshkov instability. In this
flow phenomenon, a shock interacting with an interface of two materials
with varying properties produces a turbulent jetting structure [51, 52]. Such
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jetting was hypothesized to improve mixing with the ambient environment
and increase the amount of aluminum reaction that will contribute to en-
hanced blast. In the casing with unfilled axial holes, 14 holes of 3.73 mm
diameter were drilled axially to produce a casing with 75% density of a solid
casing with equivalent dimensions. These holes remained empty and relied
on the impedance mismatch between aluminum and air. Similarly, the dense
inclusion casing contained 24 holes of 1 mm diameter which were filled with
tungsten carbide rods to provide a higher density material for the shock
impedance mismatch. A diagram showing the axial hole designs is shown in
Figure 2.5.
Figure 2.5: (L) Diagram of unfilled hole axial casing, (R) Diagram
of dense inclusion axial casing
Dimpled Surface
The dimpled surface casing was envisioned with the goal of exploiting the
explosive’s high pressure in a manner similar to that of a shaped charge
or an explosively formed projectile. The casing contained conical dimples
drilled into the outer diameter pointing towards the casing’s center. The
casing was then outfitted with a thin sleeve of aluminum around the outer
surface. These conical dimples would then, ideally, form jets of aluminum
which would impinge on the outer sleeve, breaking it apart and reacting in
the surrounding environment. A diagram of this casing geometry is shown
in Figure 2.6.
Internal Texturing
Internal texturing has been used extensively to produce predefined frag-
ment distributions in steel casings [53, 54, 55]. While there are different
texture patterns described in the literature, the design for this internally
textured casing employs a bi-modal, axial sawtooth pattern. Ideas for the
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Figure 2.6: Diagram showing dimpled surface geometry with thin
outer aluminum sleeve
groove design criteria were acquired from Held [55] and the pattern is shown
in Figure 2.7 with relevant dimensions. The bi-modal size of the groove
features allowed for casing breakout in the deeper grooves first, followed by
breakout in the more shallow grooves, which generated packets of fragments
that were accelerated outward and mixed in the ambient oxygen. The axial
design allowed for clean aluminum surfaces to be generated along the entire
length of the casing for increased reaction surface area.
Figure 2.7: (L) Solid modeling diagram of internally textured
casing, (R) Relevant groove dimensions
Embedded Tungsten Mesh
The final geometric modification to the baseline casing was a tungsten
mesh embedded within the thickness of the casing. The casing was created
using an induction casting technique outlined in a subsequent section. An
image of the final casing can also be seen in the same section. The goal of
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the embedded mesh was to promote shock focusing within the open areas
of the mesh as the detonation shock traversed through the casing material.
Shock focusing generates localized heating within the material and turbu-
lent mixing during fragmentation, both of which increase the likelihood of
enhanced aluminum reaction. As the detonation shock passes around the
solid wires composing the mesh it experiences a material impedance mis-
match and reflected shocks form and begin to interact within the holes of
the mesh. These interactions can increase the local pressure and tempera-
ture, thereby encouraging more favorable ignition conditions for aluminum
combustion. The mesh is also believed to aid in the disruption of the through-
thickness fracture mode that occurs during natural fragmentation following
plastic deformation of the casing [17]. Three different mesh sizes were tested
to determine if the mesh spacing contributed to enhanced reactivity, each
purchased from Unique Wire Weaving Co. The coarse mesh is a plain weave
of 10 x 10 wires per inch with a wire diameter of 0.010 inches. The medium
mesh is a plain weave of 50 x 50 wires per inch with a wire diameter of 0.002
inches. Finally, the fine mesh is a plain weave of 100 x 100 wires per inch and
a wire diameter of 0.002 inches. A summary of the geometric modification
casings is given below in Table 2.6 below for reference.
Table 2.6: Physical Properties of Geometric Modification Casings
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2.1.7 Varying C/M Casings
The effects of casing thickness and casing mass on the performance of the
reactive material were analyzed by changing the charge to mass ratio for two
(2) tests. The tests were aluminum 6061 alloy casings with charge to mass
ratios of C/M = 1:1 and C/M = 1:3 to vary the thickness parameter around
the original ratio of C/M = 1:2. The C/M = 1:1 ratio results in a 10 g
aluminum case that is thinner than the reactive baseline, while the C/M =
1:3 ratio results in a 30 g aluminum casing that is thicker than the reactive
baseline. A thinner casing should theoretically generate smaller fragments
and result in a higher peak overpressure than the baseline, while the thicker
casing should skew towards larger fragments and lower performance. More of
the initial explosive energy should be used in deforming a thicker casing and,
therefore, the peak blast overpressure will be correspondingly lower. The key
parameters of these two casings are given in Table 2.7.
Table 2.7: Physical Properties of C/M Variation Casings
2.2 Manufacturing of Reactive Casings
The casings presented in the previous section were all manufactured by the
author in-house using various methods including machining, sand casting,
and induction casting. The wrought materials such as the Al 6061, Al 7068,
steel, and Al 5083 were purchased from commercial vendors and machined to
size. The custom alloy casings such as the Al-Ga alloy, Al-Li alloy, and Al-Mg
alloy were sand casted in the MechSE sand casting lab and subsequently ma-
chined to the appropriate dimensions. An image of the sand casting furnace
and an example of a resultant alloy cast is shown in Figure 2.8. The alloys
containing reactive components like lithium and magnesium were casted un-
der a drossing flux purchased from Budget Casting Supply to help prevent
any unwanted oxidation of the molten alloy prior to pouring.
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Figure 2.8: (L) MechSE sand casting lab, (R) Example of Al-Mg
alloy cast
Many of the geometric variations, including the axial hole, dense inclusion,
and dimpled surface casings, were machined from wrought aluminum mate-
rials. The internally textured casing was created using the wire electrical
discharge machining (EDM) equipment in the MechSE Department machine
shop. The process for manufacturing the embedded mesh casing was more
involved than the other casings. As an example, the procedure for manu-
facturing the medium embedded tungsten mesh casing will be discussed. To
create the custom casing, a tube of Al 6061 aluminum alloy was machined to
have an outer diameter of 28.8 mm, an inner diameter of 25 mm, and a height
of approximately 38 mm. A 50 mm x 50 mm sheet of tungsten mesh was
obtained from Unique Wire Weaving Co., Inc. The mesh measured 50 x 50
wires per inch, with a wire diameter of 0.002 in. (0.05 mm) in a plain weave.
The mesh was first cut to a size of 38 mm x 304 mm, as seen in Figure 2.9,
and then the entire section was wrapped around the Al 6061 tube. At this
diameter, the mesh made approximately 3.3 wraps around the tube’s outer
circumference. This particular mesh was not capable of completely holding
its shape after being wrapped, so a small amount of tungsten wire (with a
similar diameter of 0.05 mm) was used to secure it in place around the tube.
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After wrapping, an Al 6061 tube with an inner diameter of 30 mm, an outer
diameter of 38 mm, and a height of 38 mm was slid into place around the
tungsten mesh. The full assembly is shown in Figure 2.9.
Figure 2.9: (L) 50 x 50 (d = 0.002 inch) tungsten mesh, (C) Side
view of assembly containing Al 6061 tubes and tungsten mesh,
(R) Top view of tungsten mesh assembly prior to melting
After assembly, the aluminum needed to be melted in order to diffuse
throughout the tungsten mesh and create a structural casing. The alu-
minum/tungsten assembly was inserted into a custom graphite mold for the
purpose of being heated in the induction heater located at UIUC. The mold
is shown in Figure 2.10. The graphite mold stands freely in the center of
the work coil of the induction heater and is heated until the aluminum melts
within the mold. An advantage of this process is that the tungsten within
the assembly will also be inductively heated, allowing for the aluminum to
more easily infiltrate the tungsten mesh. Pressure is applied from the top
of the melt using a graphite plunger to further assist infiltration, while more
aluminum is added as necessary to fill the mold. The graphite mold is held
above the aluminum melting temperature for a short time and is then allowed
to cool. Once the aluminum has solidified, it is removed from the graphite
mold and machined to size. The final product is shown in Figure 2.10.
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Figure 2.10: (L) Aluminum/tungsten assembly in graphite mold,
(C) Mold being heated within induction heater work coil, (R)
Machined Al/W mesh casing
2.3 Experimental Setup
The explosive initiation of each reactive casing is performed in air in a con-
stant volume blast chamber located at the University of Illinois. The cubic,
steel chamber measures 1.2 m per side and contains four ports for optical
access, as shown in Figure 2.11. A more detailed explanation of the cham-
ber and its design has been provided in a previous work by Coverdill [56].A
test stand in the chamber’s center holds the reactive casing from the top
and bottom to increase stability and confinement on the ends of the casing.
The casings are detonated from the top using standard Teledyne RISI RP-80
detonators which initiate the 10 grams of PBXN-9 high explosive fill inside
the casing.
A diagram view of the full confinement setup is shown in Figure 2.12. The
top and bottom 416 stainless steel confinement pieces confine the ends of the
explosive to reduce escaping gases on the top and bottom of the setup and
produce a more radial loading on the casing. The top dowel rod is placed
under pressure using a spring above the dowel, the compression of which
allows the top steel piece to be moved upward and the casing and explosive
to be loaded. When released, the spring then applies pressure on the dowel to
hold the casing in place. The drawings for the machined confinement pieces
can be found in Appendix A.
The blast chamber is outfitted with a suite of diagnostics including three
transient pressure transducers, two quasi-static pressure (QSP) transduc-
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Figure 2.11: (T)Top view diagram of blast chamber, (B)Front
view diagram of blast chamber
ers, temporally- and spatially-resolved spectroscopy, and high speed imag-
ing. One of the transient pressure transducers is a PCB piezoelectric blast
pressure pencil probe (Part no. 137B23B) which provides a measure of the
peak overpressure and blast impulse at 24 inches (60.96 cm) from the point
of detonation. The pencil probe has a maximum pressure range of 50 psi
with a resolution of 0.01 psi and a fast rise-time of less than 6.5 µs. The
other two transient pressure sensors are Kulite XTEL-190A piezoresistive
pressure transducers which were used to record the peak overpressure, blast
impulse, and long-duration QSP. The Kulite transducers were affixed within
lollipop-style housings that are magnetically attached to the chamber floor.
The housings contain a knife edge that smoothly cut the initial blast wave
and allow a clean reading of the side-on blast wave pressure. The pressure
range of the Kulite transducers is 100 psi, but the reactive material tests only
produce peak pressures of less than 25 psi. In order to obtain a measurable
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Figure 2.12: Diagram of the dowel confinement assembly used
within the chamber
pressure amplitude, the signal from the transducers was amplified by an En-
devco 136 signal amplifier (not shown). The sensitivity of the transducers
was set to 3.5 mV/psi on the amplifier and the scaling output was set to 2582
mV/psi in order to produce a 25 psi pressure range for an output of 0-10 V.
A Kulite transient pressure transducer and the lollipop gauge are shown in
Figure 2.13. Details and drawings of the housings can be found in [56].
The quasi-static pressure in the chamber was recorded using two Gems
#2200 series piezoresistive tranducers, both with a measurement range of
Vac-15 psi. The QSP transducers were attached to a port in the back of
the chamber via plastic tubing in order to isolate the transducers and reduce
noise in the signal due to any chamber vibration. Each of these transduc-
ers was terminated across a resistance of 1000 ohms. Figure 2.14 shows
the transducer and its attachment to the chamber. All transducers, except
the pencil probe, were simultaneously calibrated by pressurizing the cham-
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Figure 2.13: (L) Kulite XTEL-190 Transducer, (R) Lollipop Style
Housing for Side-On Blast Measurement
ber and recording the transducer output. The chamber pressure was deter-
mined using a sealed gauge attached to the back of the chamber. The gauge
and transducer values were then correlated to create a calibration line that
consistently achieved an R2 value of 0.999. The pencil probe transducer is
dynamically calibrated by PCB prior to shipment.
Figure 2.14: (L) GEMS 2200 QSP Transducer, (R) QSP
Transducer Assembly Behind Chamber
Two Cooke high speed framing cameras (HSFC) were used for both high
speed imaging and time-resolved imaging spectroscopy. The optical setup
implemented a side-on view of the reaction, providing a detailed view of the
breakout, expansion, and reaction of the casing after high explosive initiation.
The emission from the event would first pass through the side window and
then be transferred to the framing cameras via a pair of first surface planar
mirrors. The planar mirror arrangement is illustrated schematically in Figure
2.15.The inside of the side window of the chamber is also covered with a 0.75
inch thick acrylic window which is used as protection from the accelerated
casing fragments. Images of the fragmentation patterns produced on these
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frag protection windows can be seen in Appendix D.
Figure 2.15: Diagram of Planar Mirror Arrangement Outside the
Blast Chamber
The time-resolved imaging spectroscopy was accomplished using a compact
transmission spectrograph. The collection optics consisted of an f/2.8 lens
with a 300 mm focal length which focused an image of the casing reaction
onto a 50 µm slit. The reaction emission then passed through two 1800
gr/mm volume phase holographic (VPH) transmission gratings and finally
through the HSFC f/1.4 lens focusing optic with a 50 mm focal length. With
this setup a spectral range of 480-560 nm was achieved with an approximate
resolution of 0.45 nm. An image of the spectrograph setup can be viewed in
Figure 2.16 along with pertinent spectrometer details. As will be shown in
the results section, the obtained spectra are able to spatially indicate where
aluminum reaction is occurring on the outer surface of the casing expansion
cloud at a given time. An optical calibration procedure was followed before
the testing of each casing. Before each test, a static pretest image of the
casing was taken with a grid of 0.5 inch squares to give a measure of the
size of the viewing window. The spectrograph was then aligned by placing
a green laser sheet onto the center of the casing and then aligning the laser
on the slit of the spectrograph until the 532 nm line was seen in the imaging
spectrum. Figure 2.17 shows each of these steps to give the reader an idea of
the overall process. Wavelength calibration of the spectra is completed using
a neon calibration lamp and the intensity calibration is completed using an
Oriel tungsten lamp.
Characterization and analysis of casing fragmentation is a very important
aspect of this study. In order to capture fragments for analysis, two sepa-
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Figure 2.16: (L)Photograph of spectrograph on optical table,
(R)Diagram of spectrograph configuration
Figure 2.17: (a)Static pretest image of the casing, (b)Laser sheet
along center of casing assembly, (c) Laser spectrum after
alignement of the spectrograph
rate fragment capture systems were implemented. The first capture system
consists of two 2 inch thick closed-cell polyethylene foams that are mounted
together to form a 4 inch thick panel. The foam panel is 13.5 inches wide
by 21 inches tall and is mounted to the inside of the blast chamber door. A
0.125 inch sheet of buna rubber is mounted to the back of the foam panel
to ensure that no large fragments escape out the back of the panel. Dif-
ferent materials including plywood, ballistic gel, and foam insulation board
were considered for the capture material. However, the polyethylene foam
was cost effective and did a good job of capturing whole fragments without
breaking them. An example of the foam panel mounted to the door is shown
in Figure 2.18 alongside a view of a panel after fragmentation capture. After
removing the foam panel from the chamber, the fragments are collected from
the foam by hand using tweezers. A bright halogen light is placed behind
the foam during this process to assist in finding fragments lodged within the
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thickness of the foam panel. An example of the fragment sizes collected from
an Al 6061 baseline test can be seen in Figure 2.18.
Figure 2.18: (L)Clean foam panel mounted to chamber door, (C)
Example of post-test foam panel, (R) Example of fragments
collected from foam panel
The second fragment capture system implemented in the second half of
the study aimed to collect very fine particles entrained within the blast wave
flow. The apparatus is essentially a thick aluminum tube with a 0.005 inch
thick mylar diaphragm placed on the front. The diaphragm is sealed on
top using buna o-rings and a steel front plate. The idea and inspiration
for this device was provided by Dr. Kibong Kim. Two such devices were
constructed and both were placed in the chamber during some repeat casing
tests. The collection tube is either mounted on the wall of the chamber
or on the chamber floor just below the casing height as shown in Figure
2.19. Once the seal is prepared the collection tube is pumped down to near
vacuum. When the blast wave (or a fragment) hit the diaphragm, the mylar
ruptures and small entrained particles are pulled into the tube due to the
large pressure differential between the blast wave and the vacuum. Two
pieces of 0.5 inch thick pieces of low density (10 pores per inch) reticulated
polyurethane foam are spaced evenly inside the tube in order to provide a
high surface area upon which the particles can stick. The full assembly is
shown installed in the chamber in Figure 2.19 and drawings of the individual
collection tube components can also be found in Appendix A.
After each test is complete, the collection tube undergoes an extensive
cleaning procedure to collect as many fine particles as possible. An example
of the fine fragments collected from the tube is shown in Figure 2.19. The
mylar diaphragm, foam pieces, and tube components are all washed down
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Figure 2.19: (L)Vacuum collection tube installed in chamber, (C)
Post-Test tube showing mylar diaphragm rupture, (R) Example
of fine fragments collected from the vacuum tube
with alcohol to collect the particles. The alcohol is then removed in a vacuum
chamber. A fraction of the collected particles are then mounted on SEM studs
for analysis and the collection tube components are scrubbed clean prior to
reassembly for the next experiment. Results of the fragment analysis are
provided in depth in subsequent chapters.
2.4 Heavy Confinement Experiments
The results of the casing study suggested that the extent of end confinement
of the casing could potentially play a major role in the casing’s performance.
This result is especially true in the current casing configuration where the
aspect ratio between casing height and inner diameter is relatively small.
While this configuration is necessary for small scale testing performed in the
blast chamber outlined above, military warheads are typically constructed
with a higher aspect ratio (i.e. the warhead is much longer than its inner di-
ameter). A smaller aspect ratio, such as the one used in this study, allows the
high explosive detonation products to more readily escape from the top and
bottom of the casing without contributing to the casing’s radial expansion
and fragmentation.
To determine the extent of the effects of end confinement a small set of
casing tests were performed with heavy end confinement and negligible end
confinement arrangements in the blast chamber. The two setups provide an
upper and lower bound when examining the degree of end confinement ef-
fects. A diagram and photograph of the heavy confinement setup is shown in
Figure 2.20. Steel posts were used in place of dowel rods and the steel casing
end confinement pieces were enlarged to provide more resistance against the
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expanding detonation products. The top of the confinement arrangement
was changed to implement eight springs instead of one for a larger down-
ward force on the casing. Initially, the steel posts are aligned so that they
are level with one another. The casing is then inserted and the springs at
the top are put under compression. The top post is then aligned above the
casing using a custom alignment jig and is clamped tightly in place. Lastly,
the bolts compressing the springs are loosened so that the spring force of all
eight springs is now acting on the casing while simultaneously leveling the
top post above the casing. The negligible confinement setup simply used a
single bottom dowel rod with PVC plastic confinement pieces, similar to the
steel pieces found in the dowel confinement setup, to hold the explosive and
the detonator.
Figure 2.20: Diagram showing the design of the heavy
confinement test stand within the chamber.
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CHAPTER 3
RESULTS AND DISCUSSION
3.1 Pressure Measurement Analysis
Performance enhancement of the tested casings is judged primarily on the
pressure measurements recorded during each experiment. As previously de-
scribed, the transducers in the blast chamber record four QSP values, two
peak overpressure values, and two blast impulse values. The four QSP val-
ues for each test are averaged and the final value is implemented in the
calculation of the casing energy release, the details of which can be found
in the introduction sections. Agreement between gauges during each test is
good when measuring long-duration overpressure. The standard deviation
of the four QSP measurements from each test is typically quite low, ranging
from 0.010 psi to 0.089 psi with an average standard deviation of 0.044 psi
(approximately 1.5%) for all tests conducted.
Measurement agreement of peak overpressure from the two side-on trans-
ducers tends to vary more as this measurement is considerably more transient
and localized effects are more prominent. As previously described, the peak
overpressure is taken as the peak pressure of the initial blast wave measure-
ment; no fitting is performed for peak pressure analysis. Some variation in
peak pressure comes from one of the gauges having a slightly slower response
time than the other gauge. This response lag is predominantly in the pres-
sure rise as the shock passes over the face of the gauge. If the rise response
is slower, the gauge will likely read a slightly lower peak pressure due to the
rapid traverse of the shock.
Blast impulse is typically given as the area under the initial blast wave
pressure-time history with units of psi-ms. Due to the non-ideal nature of
the physical blast wave and the time response of the gauge measurements,
the decay of the initial pressure rise can sometimes contain small fluctuations.
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In order to better standardize the impulse analysis procedure, the decay of
the blast wave for each test was fit using the Modified Friedlander Equation
which is given below in Equation 3.1:
P (t) = Po + Pmax(1− t
T+
) exp
(−bt
T+
)
(3.1)
where Po is the baseline pressure, Pmax is the peak pressure, t is time, b is
a variable describing the decay, and T+ is the time duration of the positive
phase of the impulse. Fitting data to the modified Friedlander equation is a
commonly used technique in blast pressure analysis, and each fit in this study
has an R2 value greater than 0.985 [57, 58]. Figure 3.1 exemplifies the fitted
data using the Friedlander equation for one of the Al 6061 reactive baseline
tests. The blue line in the figure is pressure data from the experiment and
the red dashed line is the exponential Friedlander fit to the decay of the
initial blast wave. This is an example of the fitting process and the R2 value
for the fit is 0.997.
Figure 3.1: Fit of Friedlander equation to initial blast wave decay
of an Al 6061 reactive baseline test
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3.2 Reactive Baseline Performance and Repeatability
High explosive testing is expensive and not all tests can be performed mul-
tiple times to assess the repeatability of each casing’s performance in this
study. However, repeatability is critical in this experimental study to aid in
determining the accuracy of the measurements. Therefore, multiple reactive
aluminum baseline tests were performed in order to establish a firm baseline
comparison and assist in quantifying the measurement repeatability. A to-
tal of seven reactive aluminum 6061 baseline tests were carried out over the
course of the entire experiment. Each time a new test series was performed,
an aluminum baseline would be performed to ensure that measurements re-
mained repeatable over time. Figures 3.2, 3.3, and 3.4 graphically depict the
quantitative assessment of repeatability and precision over the course of the
study for one of the transient side-on transducers.
Figure 3.2: Repeatability of reactive baseline QSP measurements
Figure 3.2 shows that the precision of the QSP measurement varies less
than 5% from the mean over the course of the experiment, while Figures
3.3 and 3.4 indicates that the peak overpressure and impulse data varies less
than 3% from the mean. Quantifying the repeatability to this degree now
allows the remaining casing variation results to be assessed with a degree of
confidence.
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Figure 3.3: Repeatability of reactive baseline peak overpressure
measurements
3.3 Baseline Casing Comparison
In addition to establishing a firm reactive baseline, two low carbon steel
casings were tested to represent an inert baseline and the current state of
the art that is deployed in the field for the chosen charge to mass ratio. The
inert steel baselines were also very repeatable, yielding only a 2% difference
in average QSP between the two casings. Figure 3.5 graphically compares
the quasi-static pressure output from the inert steel baseline and the reactive
Al 6061 baseline. The dotted line in the figure represents a measured value
of the QSP that a bare PBXN-9 charge produced in the chamber. The data
validates the idea that blast energy is leached as a fraction of the explosive
energy is consumed in fragmenting the steel case and ejecting the fragments
from the blast zone. Based on the measured bare charge QSP, approximately
66% of the total explosive energy is expended on the inert case in this process.
In comparison, the reactive aluminum baseline is able to enhance the QSP
produced during the casing detonation by an amount that is nearly equivalent
to doubling the high explosive mass within the system. This quasi-static
pressure produced by the Al 6061 casing correlates to an energy conversion
of 5-6% of the total available energy of the casing material.
The data in the figure also show that the inert environment casing test
with only 6% O2 in the chamber performed very similarly to the inert steel
casing. This result makes a compelling argument that the reactive casings
are primarily aerobic within the ambient environment of the chamber and
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Figure 3.4: Repeatability of reactive baseline impulse
measurements
that the casing does not react well within the detonation products of the
high explosive. The same aluminum reactive baseline in an inert environ-
ment of nitrogen actually underperforms the bare explosive charge in terms
of quasi-static pressure generation. Comparing the peak overpressure of the
baseline casings in Figure 3.6 shows that the aluminum baseline outperforms
the inert steel and inert environment casings by approximately 15%. The in-
ert environment case shows a slight increase over the inert steel baseline, but
this is likely due to the small amount of oxygen that remained in the cham-
ber after the nitrogen flush or a slight amount of reaction with the gaseous
detonation products. Overall, the baseline comparison indicates that simply
implementing an aluminum 6061 alloy case can improve both long-duration
pressure (if enclosed) and peak overpressure generation in an enhanced blast
application. This result has already been witnessed in previous literature
studies, but little parametric experimentation has been conducted to deter-
mine underlying performance factors. The remaining sections reveal results
of the current parametric study relative to the established inert and reactive
baselines.
3.4 Alloy Casing Performance
To begin assessing performance enhancement, a group of aluminum alloy
casing tests were conducted to determine the effects of varying alloy com-
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Figure 3.5: Comparison of QSP produced by baseline casings
position. As outlined in the previous chapter, the alloy category examined
characteristics ranging from strength and fracture toughness to additions of
reactive components. The energy release comparison for the alloys tested is
shown graphically in Figure 3.7. The first important observation of the alloy
group is that all of the casings outperformed the Al 6061 baseline casing in
terms of energy release, even if only slightly in some cases. The Al 7068
and Al-Ga alloys performed similarly, but not as well as the reactive alloy
casings. The lower fracture toughness of these two alloys was hypothesized
to aid in finer fragmentation and enhanced blast. However, both these alloys
only slightly outperformed the reactive baseline and fell short of the alloys
containing more reactive components. The Al-Li and Al-Mg alloys far out-
performed the reactive baseline with an increase in energy release of over 3
kJ/g, with the Mg AZ31B alloy following closely behind. The figure shows
that adding even as little as 5% of an additional reactive component such
as lithium or magnesium can greatly enhance the ignition of aluminum and
total energy release. The energy conversion of these reactive alloys rose to
just over 10% for the lithium alloy and nearly 12% for the 10% magnesium
alloy, achieving double the total casing conversion of the Al 6061 baseline.
In addition to enhanced energy release, the impulse of the reactive alloy
casings is also increased as shown in Figure 3.8 below. The figure portrays
the impulse of the alloy casings relative to the reactive Al 6061 baseline,
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Figure 3.6: Comparison of peak overpressure produced by
baseline casings
which is represented as the dashed line in the chart. The Al-Mg and Al-Li
casings provide an increase in impulse of approximately 20% over the reactive
baseline, while the low-fracture tougness alloys like Al-Ga and Al 7068 fail to
exceed the baseline impulse benchmark. In fact, the Al 7068 alloy actually
worsens the blast wave impulse produced upon detonation. The sand cast
Al 6061 alloy shows that processing differences in the material have only a
slight effect for both total energy release and blast wave impulse. While the
sand cast casing may perform slightly better than its wrought counterpart,
the performance increase is not large enough to defend a recommendation
for sand casting all casings.
One may wonder if the high performance of reactive alloy casings is solely
due to the addition of the reactive components burning in the surrounding
atmosphere. While this is a warranted question, a closer look at the pressure
data and spectroscopy shows that aluminum is the primary energy source
in the casing performance. As an example, the enthalpy of formation for
lithium oxide is 43.07 kJ/g [59]. A 20 g alloy casing with 5% lithium by
mass only contains 1 g of lithium within the casing. The Al-Li casing was
calculated to produce 118.4 kJ total based on the total QSP, indicating that
the lithium could only produce a maximum of 36% of the casing’s energy if
all of the lithium reacted. At the very least, 64% of the casing’s fully energy
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Figure 3.7: Comparison of total energy release produced by alloy
category casings
release was produced by aluminum combustion that was assisted by the high
temperature lithium reaction. A spectroscopic comparison of the Al-Li and
Al 6061 casings further validates this calculation. Figure 3.9 shows that the
Al-Li casing produces an earlier, more intense reaction of aluminum than
that of the baseline casing, evidenced by the stronger AlO spectral signature
all along the region of casing breakout. Even at the earliest time of 15 µs
the Al-Li casing has intense reaction occurring relative to the baseline casing
which has scarcely begun reacting. Additionally, lithium (and magnesium) is
a good choice for a reactive alloying component as it only requires one oxygen
atom for oxidation compared to the 1.5 oxygen atoms required for aluminum
oxidation. Therefore, the lithium component adds a reactivity boost while
not heavily competing with aluminum for ambient oxidizer.
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Figure 3.8: Comparison of relative blast impulse produced by
alloy category casings
3.5 Geometric Variation Casing Performance
The geometric variation category aims to design casings that uniquely exploit
the shock and high pressure phenomena generated by the high explosive
detonation. The total energy release results of the geometric casings can be
found in the chart of Figure 3.10. The first distinction seen in the data is the
stark difference between the axial hole and the dense inclusion casings. As
discussed in the previous chapter, these two casings both seek to exploit the
shock impedance mismatch between the aluminum and the material in the
holes. The difference in results is striking, however, and shows that the empty
axial holes are much more capable of augmenting casing performance. A high
speed imaging comparison of the breakout of these two casings shows that the
dense inclusions in the casing hinder the shock passage and promote initial
casing breakout in the space between the WC inclusions. In contrast, the
empty axial holes promote jetting of the aluminum casing into the ambient
environment during breakout, thus enhancing aluminum reaction.
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Figure 3.9: Top: Al 6061 baseline imaging and spectra, Bottom:
Al-Li casing imaging and spectra
If the peak overpressure and impulse of the axial hole and dense inclusion
casings are then compared, as in Figure 3.12, it is seen that the axial hole
casing produces both a higher peak pressure and higher impulse than its
dense inclusion counterpart. It is interesting to note that while the impulse
of the axial hole casing is quite high, the peak pressure is not significantly
higher than the baseline peak overpressure. The time scale on which the
jetting and mixing of the axial hole casing occur may be just slow enough to
provide additional energy behind the blast wave to increase the impulse yet
not considerably enhance the peak overpressure.
Similar comparisons can be made between the remaining geometric vari-
ation casings. The conical dimple and internal texturing casing certainly
outperform the reactive baseline (again represented by the dashed line), but
are relatively average performers when compared to the other geometrically
modified casings. The conical dimples appeared to create a strong jetting
effect as shown in Figure 3.13, but only those areas of the casing broke out
early. The remainder of the casing can still be seen unreacted in the first
image and does not likely contribute to the initial blast parameters. The
internal texturing broke out in larger packets followed by smaller sections as
shown in Figure 3.13. This helped enhance the initial blast by creating long,
vertical sections of casing that had clean aluminum surfaces to react.
The embedded tungsten mesh casings considerably enhance both the ini-
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Figure 3.10: Comparison of total energy release produced by
geometric variation casings
tial blast as well as the overall casing energy release. It is believed that
the embedded mesh focuses the propagating detonation shock through the
openings in the mesh to increase the local temperature and pressure and im-
prove the internal conditions for aluminum ignition. Figure 3.14 below shows
an imaging comparison between the various embedded mesh casings. Small
jetting structures can be seen in the casing containing the coarse tungsten
mesh, and turbulent mixing and reaction can be seen in the medium and fine
mesh casings as they break out in pockets of reaction on the outer casing sur-
face. The enhancement effects of these casings seem to improve as the mesh
opening size is decreased (i.e. as the mesh becomes finer). From the imaging
it appears that for the fine mesh size the mixing near the outer surface of
the casing becomes more turbulent at earlier times, thereby increasing the
likelihood of more aluminum reaction on a time scale necessary to improve
the initial blast.
While all of the geometric variation casings performed at least as good as
the reactive baseline, if not far better, the axial holes and the fine embedded
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Figure 3.11: Top: Breakout of WC dense inclusion casing,
Bottom: Breakout of empty axial hole casing
Figure 3.12: Comparison of blast parameters enhanced by
geometric variation casings
tungsten mesh were clearly the two modifications that best augmented both
the initial blast and the overall energy release. It is recommended that these
two variations be explored more in depth for future optimization of enhanced
blast casings.
3.6 Steel Confinement Casing Performance
Five tests were performed using internal and external steel confinement to
assess the effects of confining both the explosive and the reactive aluminum
material. The energy release for these confinement tests is compared below in
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Figure 3.13: Top: Breakout of conical dimple casing, Bottom:
Breakout of internal texturing casing
Figure 3.15 on a basis for both total casing mass and mass of aluminum only.
Obvious from the start is that the external confinement of the reactive mate-
rial performs better than internal confinement of just the explosive. Rather
than confining only the explosive, the external steel sleeve confines both the
explosive and aluminum ”liner” which essentially holds the aluminum in the
hot detonation environment longer prior to its expansion into the ambient
surroundings. The reflected shock due to the shock impedance mismatch
between the aluminum and steel also assists in raising the temperature in
the aluminum [38]. By the time the aluminum is capable of expanding into
ambient oxidizer it is much hotter and may ignite more readily. The internal
confinement is actually believed to hinder the reaction in that it shields the
aluminum sleeve from the hot detonation products and the shock transmit-
ted into the aluminum is weakened at the interface due to the shock traveling
through the higher impedance steel first [38].
The performance trend for the full casing mass is inversely related to con-
finement and seems to show a performance decrease as the confinement thick-
ness is increased. However, this is only due to the mass of inert steel increas-
ing in the assembly as all the confinement casings were kept at M/C = 2:1.
Therefore, the overall amount of reactive material is considerably decreased
in confinement tests with thick steel sleeves. If, instead, the comparison only
takes into account the amount of reactive aluminum in the confinement as-
sembly the results show a distinctly different trend. The graph on the right of
Figure 3.15 shows that the specific energy release of just the aluminum is con-
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Figure 3.14: Top: Breakout of coarse mesh casing, Middle:
Breakout of medium mesh casing, Bottom: Breakout of fine mesh
casing
siderably higher in the thick external confinement case. While the aluminum
in this assembly has still not achieved full oxidation, it almost doubles the
amount of aluminum energy release relative to the external thin steel sleeve
confinement. Again, the internal casings are still poor performers, even on
an aluminum mass basis, showing that internal confinement merely hinders
the enhancement of aluminum oxidation.
When comparing the peak overpressure and impulse generated by the con-
finement casings, Figure 3.16 shows that the thin external confinement assem-
bly is the only situation where noticeable blast enhancement is observable.
Yet, even this arrangement fails to significantly increase the initial blast peak
overpressure of the reactive baseline which is represented by the dashed line.
It is merely the impulse that is affected, showing that the aluminum reac-
tion is just early enough to sustain the initial blast wave momentum but
not substantially enhance the peak pressure. The overall energy release of
the full confinement assembly does not surpass that of the reactive Al 6061
baseline nor does it noticeably affect the initial blast, indicating that this
casing configuration is best implemented in scenarios requiring a hardened
exterior with a desire for a small boost in reactivity effectiveness.
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Figure 3.15: Comparison of (L) total energy release produced by
full steel confinement casings and (R) energy released by
aluminum only in steel confinement casings
Figure 3.16: Comparison of (L) peak overpressure produced by
steel confinement casings and (R) relative blast impulse
generated by steel confinement casings
3.7 Top Performance Comparisons
The experiments performed in each individual category of casing variations
were compared relative to one another and each category had its own top-
performing variations which contributed to blast enhancement. In order to
obtain a better sense of overall performance enhancement across the breadth
of the study, the results of the top performance casings are compared to one
another in Figures 3.17 and 3.18 below. Relative to the reactive Al 6061
baseline, all the top performance casings increase the total energy release by
at least 65% and as high as 82% for the 10% magnesium alloy. This highest
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increase in energy release corresponds to an increase of approximately 6% of
total casing mass burned, which is significant considering the energy density
of aluminum. It is worthwhile to compare the total energy release and relative
blast impulse between the top performing casings to note trends between the
variation categories. While the total energy release of the top performing
casings was very similar relative to the reactive baseline, the graph of relative
impulse in Figure 3.18 shows that the geometric variations of the axial holes
and embedded tungsten mesh significantly outperform the alloys in enhancing
blast wave momentum. It is believed that impact induced reaction of alloy
casing fragments on the steel walls may have contributed to the overall energy
conversion inside the chamber for these tests. Meanwhile, the geometric
variations convert casing energy early on to augment the blast as well as
increase the total energy release. This hypothesis is further validated by
the raw data shown in Figure 3.18. The pressure-time histories for the alloy
casings show an enhanced blast pressure and earlier time of arrival relative to
the baseline, but are overshadowed by the high performance of the embedded
mesh casing. This is not to say that alloy casings have no place in enhanced
blast warheads relative to other techniques. On the contrary, for certain
applications where reactive fragments are beneficial these casings may be
excellent choices. However, if an augmented initial blast wave is desired in
an unbounded environment, the geometric casing variations generally prove
to be superior in both energy release and blast enhancement.
3.8 Varying C/M Ratio
While the effects of geometric scaling are not explicitly addressed in this
study, the influence of scaling the charge to mass ratio on casing perfor-
mance was assessed by testing casings with M/C ratios of 1:1 and 3:1. The
casings were composed of Al 6061 to compare with the established reactive
baseline and the casing dimensions were provided in the previous chapter.
A representative Al 6061 test performed the same day as the scaled M/C
casings was chosen to provide a good comparison, the results of which are
provided in Figure 3.19. The 1:1 mass ratio casing produced a similar QSP
to that of the reactive baseline 2:1 casing, yet contained half the mass. This
shows that the breakout and reaction of thinner casings can be more efficient
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Figure 3.17: Comparison of total energy release produced by top
performing casings from various categories
and release more energy. Conversely, increasing the mass ratio to 3:1 shows
that energy release is significantly reduced and less of the casing is burned.
This is likely due to generation of larger, heavier aluminum fragments (as
will be shown later) which leads to longer ignition times and less overall cas-
ing mass being burned. This fragmentation trend was also seen by Zhang
et al. as they scaled their M/C ratios [3]. In addition, Zhang performed a
numerical calculation that showed the amount of overall casing mass burned
decreased as the M/C ratio increased and casings became heavier relative to
the mass of explosive fill. However, this study also provided raw data which
showed that as the mass ratio increased (i.e. casings became heavier) the
overall quasi-static pressure increased as well. This observation is directly
opposed to the one presented here which leads to interesting questions about
the effects of scaling and the role of surroundings on the measurement of
casing performance.
When analyzing the energy release performance of the reactive alloys and
geometric variations in conjunction with their physical dimensions, a rea-
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Figure 3.18: (L) Comparison of relative blast impulse produced
by top performance casings, (R) Raw data showing initial blast
wave enhancement for selected variations relative to reactive
baseline performance
sonable argument could be made that some of the thicker casings (they are
thicker due to density variations) outperform the other casings and that this
increased thickness adds further confinement to enhance the initial blast.
The M/C variation casings seem to disprove this theory in that the thicker
3:1 mass ratio casing does not outperform the others. In fact, the opposite
is true - thinner casings provide increased performance.
The comparison of relative blast impulse shows that the thinner 1:1 cas-
ing also provides some additional blast enhancement over its 2:1 baseline
counterpart, but the effect is mediocre. Surprisingly, the thicker 3:1 casing
performs similarly to the 2:1 casing in terms of blast impulse. This was un-
expected as Zhang’s study showed that as casing mass increased the initial
blast was reduced [3]. Again, the parameters of the experimental setup and
material differences may play a role in these opposing measurements. Over-
all, the trend seen here is that increasing the mass ratio of the casing tends
towards lower performance. However, a reactive casing with a larger mass
ratio is still likely to provide some enhancement over a steel casing of larger
mass ratio due to the fact that it will require more of the explosive’s energy
to fragment and accelerate the steel case.
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Figure 3.19: (L) Energy release comparison of Al 6061 baselines
with varying mass ratios, (R) Comparison of relative impulse of
Al 6061 baselines with varying mass ratios
3.9 Role of Fragmentation
During each experiment casing fragments were captured using the foam panel
and vacuum tube collection methods outlined in the experimental methods
chapter. The initial goal for fragment capture and analysis was to determine
primary fracture modes for the various casing modifications. However, the
fragment data provided more than just fracture modes - it offered a deeper
understanding of the fundamental mechanisms for enhancement of reactive
casings. The subsequent sections provide a more in-depth look at the role of
fragmentation in the pressure and energy release results presented thus far.
3.9.1 Large Fragment Analysis
The first half of the full experiment began with only the polyethylene foam
panel attached to the inner door of the blast chamber for fragment capture.
After each test the fragments were removed by hand for further analysis. The
number of fragments extracted from each test was on the order of 70-200 and,
following extraction, each fragment was weighed individually on a scale with
0.0001 g accuracy. This data was then sorted by fragment mass to create
cumulative mass distributions for each casing test. Many of the smaller
fragments with masses below 10 mg were too light to weigh individually,
so the total number of small fragments from each test was counted and
their masses averaged. The results of the foam panel capture apparatus
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are discussed below, starting with the repeatability of the data followed by
comparisons between the tests.
Fragmentation Repeatability
Each reactive and steel baseline test conducted to create a firm reference
for pressure data also collected fragments using the polyethylene foam panel
capture system. Just as it is important to establish a baseline for comparison
of pressure data, so too is it important to determine if the baseline casings
are fragmenting in a repeatable way in order to provide more confidence
during comparison of fragmentation data. Fragment mass data collected
during the steel baseline tests are shown in Figure 3.20 below. The abscissa
of the figure represents the individual fragment masses, while the ordinate
gives the cumulative mass of that fragment weight. As an example, in Figure
3.20 approximately 90% of all the fragments of the steel casing have a mass
below 100 mg. Note that the vertical scale ends at 0.50 because the fragment
masses below this point are all similar due to the averaging of small particle
masses discussed above. The fragmentation of the two steel casings seems to
be quite consistent, with only a 4.3% difference in the largest spread of the
distributions.
A similar analysis can be performed on the fragmentation data collected
from the Al 6061 baseline casings. The fragment mass comparison for the
reactive baselines is shown below in Figure 3.21. More reactive baseline tests
were performed than steel tests, so the data set is much larger in this case.
However, there is still adequately good agreement between most of the Al
6061 baseline fragment distributions with a upper bound of 8.9% difference
between the outermost points of all the distributions. The solid orange line
in the figure is a combination of all the Al 6061 fragment data sets and
essentially represents an average distribution for these naturally fragmenting
casings. Now that the repeatability of the fragment distributions has been
quantified, further comparisons can be made in order to illustrate the role of
fragmentation in enhancement of structural energetic materials.
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Figure 3.20: Comparison of fragment distributions produced by
the steel baseline casings
Coarse Fragmentation Comparisons
As mentioned previously when discussing the effects of varying the charge to
mass ratio, a lower value for M/C (i.e. a thinner casing) produced a higher
energy yield and blast enhancement than a thicker casing. In Figure 3.22
the fragment distributions from the three different mass ratios are compared
to correlate any trends. The graph shows that the lower M/C ratio of 1:1
generates finer fragments, and the fragment size increases as the mass ra-
tio increases. This phenomenon was also witnessed by Zhang [3]. Zhang’s
numerical calculation also predicted that a larger amount of the case would
burn as the casing mass ratio decreased, which was shown to be true in the
energy release results of the current study. As mentioned in the introduction,
finer fragments should burn faster and provide more early energy release to
enhance the blast wave and the overall quasi-static pressure. According to
Figure 3.22 this trend holds for Al 6061 casings. Further fragment compari-
son analyses are discussed below to determine if this trend continues for all
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Figure 3.21: Comparison of fragment distributions produced by
the aluminum baseline casings
casings tested.
A comparison of fragment mass distributions from selected tests is shown
in Figure 3.23 for the purpose of discussion. As stated before, the low frag-
mentation toughness alloys, such as the Al 7068 or Al-Ga variants, were
hypothesized to generate a fine fragment distribution that would burn more
readily and augment the initial blast. Figure 3.23 demonstrates that these
casings did indeed produce such a fine distribution of fragments, with all
measured fragment masses falling below 20 mg. However, their performance
was undeniably subpar relative to other casings in terms of both blast and
QSP enhancement. On the contrary, other casings which produced larger
fragments, such as the Al-Li alloy, did very well to enhance both blast and
QSP. The lithium alloy casing produced larger fragments than that of even
the Al 6061 baseline and still outperformed the baseline in terms of energy
release. The embedded tungsten mesh casing produced larger fragments than
that of the Al 7068 and Al-Ga casings, yet it was one of the top performers.
The axial hole casing also performed very well, yet produced a slightly bi-
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Figure 3.22: Comparison of fragment distributions produced by
three different mass to charge (M/C) ratios
modal fragment distribution with both smaller fragments and some very large
fragments. This result goes against what was just shown for the correlation
between fragmentation and performance of various M/C ratio casings.
A closer look at the individual fragments collected from the foam panels
further complicates the result that high performance casings produce larger
fragments. Fragments collected after the test were analyzed using a scanning
electron microscope (SEM) which includes energy dispersive spectroscopy
(EDS) to observe fracture modes and extent of oxidation. Figure 3.24 pro-
vides views of various large fragments extracted from the polyethylene foam.
Note that the bright white features in the images are small amounts of
polyethylene residue that were not able to be removed from the fragments.
The zoomed view of a Al 6061 baseline fragment shows a large amount of
ductile fracture, while the Al-Li alloy is very smooth and shows little surface
fracture. In addition, the embedded tungsten mesh fragment clearly indi-
cates the occurrence of shearing fractures within the casing. However, when
using a point EDS analysis on various locations of these fragments there is
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Figure 3.23: Comparison of fragment distributions collected from
polyethylene foam panels from selected tests
very little indication of significant oxidation. These large fragments may
have been heated but did not reach the point of ignition to cause consider-
able oxidation in regions other than the outer surface of the particle. Large,
unburned fragments were also observed by Kim et al. after testing structural
energetic materials in both indoor and outdoor scenarios [16].
It would seem upon initial inspection that performance of modified cas-
ings is not governed by the coarse fragment distributions that were extracted
from the polyethylene foam panels. There is little correlation between per-
formance and fragment distributions on this scale, and the large fragments
show little sign of oxidation. The question, then, is what exactly is driving
this performance and in what way can it be measured.
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Figure 3.24: Comparison of large fragments using SEM analysis.
(L) Al 6061 baseline fragment showing ductile fracture nodules,
(C) Al-Li alloy fragment showing little surface fracture or
oxidation, (R) Embedded tungsten mesh fragment displaying
shear fracture
3.9.2 Fine Fragment Analysis
The introductory chapter discussed aluminum particle burn time relative to
particle diameter and showed that particles below approximately 20 µm in
diameter would need to be quickly ignited to release energy fast enough for
blast to be enhanced on the measured timescales in the UIUC blast cham-
ber. Obviously the fragments discussed above were not nearly this small
and the polyethylene foam panels do not adequately capture fragments on
this length scale. A separate fragment capture system consisting of a vac-
uum collection tube was implemented in the blast chamber to capture fine
fragments entrained in the blast wave flow following high explosive detona-
tion. The details of this apparatus are provided in the experimental methods
chapter. Fine particles were extracted from the collection tube using an ex-
tensive wash down procedure and were then mounted for SEM and EDS
analysis. The SEM analysis was performed to better understand the type of
fragment distributions occurring on a scale of less than 20 µm. An example
of typical SEM images of the fine fragments is shown in Figure 3.25. While
the samples collected did contain fine aluminum particles, there were also
other species amongst the aluminum such as polyurethane foam, solid deto-
nation products, and small steel fragments. In order to decisively determine
which particles were aluminum, an EDS map of the entire SEM image was
performed. An example of such a map is also shown in Figure 3.25.
When comparing the SEM image in Figure 3.25 to those above, the fine
fragments are indeed much smaller and the collection tube has captured
fragment diameters down to the sub-micron scale. Once the SEM image and
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Figure 3.25: Images showing SEM/EDS analysis for fine
aluminum particles. (L) A typical fine particle SEM image, (C)
EDS map showing only aluminum particles, (R) A full EDS map
of the selected SEM image showing aluminum, carbon, iron, and
silicon
EDS map are generated, these data are analyzed using a custom Matlab
routine written by the author. The routine allows images and EDS maps to
be opened individually and the program user is able to select two diameters
for each particle. The diameters are appropriately scaled using the scale
bar in the SEM image and are then averaged together to provide a single
diameter for each particle.
The collection and analysis of fine fragments can be admittedly biased in
some regards. Once the diaphragm on the collection tube is ruptured, the
tube is still open and subjected to reverberating shocks within the chamber.
While the time scale of strong reverberations is short (¡ 100 ms), it is possible
that particles are inserted from the reflected shocks or removed from the
tube during these reverberations which may cause a bias in the collected
particles. In the future, a mechanical shutter could be implemented to close
the collection tube after diaphragm rupture to prevent biases of this kind.
After the wash down procedure, the fine fragment samples taken from the
collected particle batch are mounted to SEM analysis studs using a powder
spatula. The sample selection process attempted to be as randomized as
possible, but biases may still arise due to the selection process.
During analysis it was seen that many particles are not spherical and,
therefore, inherently possess an aspect ratio that can skew the results of the
particle diameter measurement. Long, thin particles with high aspect ra-
tios are difficult to account for in the analysis program and are, therefore,
currently avoided in the analysis. To account for aspect ratio effects in the
future, it is recommended that an aspect ratio threshold be implemented in
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the analysis code to reject any particles with undesirable shape. In addition,
particles detected as aluminum oxide products are generally avoided as it was
unclear if the alumina particle was the same size as its original aluminum
predecessor. As the user selects particle diameters, the program displays a
red ”x” at every point the user has selected in order to prevent measuring
the same particle multiple times. The particle diameters are retained by the
program and used to create a statistical histogram of all the measured diame-
ters. Further improvements can be made to the analysis program through the
implementation of advanced edge finding techniques to aid the program user
in determining the exact edge of the particle. While this effect will only en-
hance the measurement by a small amount, the measurement would be more
accurate through the use of such a technique. The histogram is normalized
by the total number of measured diameters to allow for better comparison
between samples. A sample size analysis determined that a sample size of
300 or more particles was adequate to provide a 0.5 µm margin of error with
a standard deviation of 4.5 µm and a 95% confidence interval. Therefore,
each fine fragment analysis collected greater than 300 measurements from
the SEM particle images.
When analyzing the fine fragmentation data, the results show a correlation
between performance and the relative amount of fragments with a diameter
of 10 µm or smaller. A distinct example of this conclusion is shown in the
fragment distribution histograms of Figure 3.26. The left graph of Figure 3.26
illustrates the fine fragment distribution generated by the Al 6061 reactive
baseline. The y-axis shows the normalized frequency occurrence of the parti-
cle diameters provided on the x-axis. Samples of some casings contain much
larger fragments on the order of 50 µm or larger, but only diameters up to
20 µm are shown for comparison purposes. The Al 6061 histogram indicates
that the fragment distribution is weighted more towards smaller particles
with less than 10 µm diameter, but a moderate number of fragments are
still above that threshold up to 20 µm in diameter. When comparing the
fragment histogram of the embedded fine tungsten mesh, there is a signif-
icant shift in particle diameter weighting. The fraction of fragments with
measured diameter below 8 µm is considerably higher than in the case of
the Al 6061 baseline. While the coarse fragment analysis from the polyethy-
lene foam showed a slight difference in fragmentation patterns between these
two casings, the fine fragment analysis provides evidence that these small
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diameter particles are what really drives enhanced blast performance.
Figure 3.26: Histogram comparison of fine fragment distributions
for: (L) an Al 6061 baseline casing and (R) the embedded fine
tunsten mesh casing
The idea that fine fragments are the driving force behind improved perfor-
mance is further validated when comparing the fine fragment distributions
of the charge to mass ratio variation casings. Figure 3.27 contrasts the fine
fragment histograms between the thinner M/C = 1:1 casing and the thicker
M/C = 3:1 casing. Earlier figures indicated that casing with the lower M/C
ratio performed better in terms of both overall energy release and blast im-
pulse enhancement. The histograms in Figure 3.27 reveal that the lower
M/C ratio casing also generates a finer fragment distribution than its thicker
counterpart. In fact, the fragment distribution produced by the thicker M/C
ratio casing looks more similar to that of the Al 6061 baseline and each of
these casings performed very similarly when considering blast impulse.
3.9.3 Experimental Coarse Fragment Distribution
Comparison with the Theoretical Mott Distribution
As discussed in the introduction, the Mott distribution for fragmenting cas-
ings (or variations thereof) has been implemented for various casing materials
and sizes. The Mott formulation has also been shown to adequately represent
fragmentation distributions for steel, but also for materials like aluminum
that fracture in a ductile manner [18]. Many of the studies performed by
Mott which have applied his formulation have tested casings at a larger scale
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Figure 3.27: Histogram comparison of fine fragment distributions
for: (L) casing with M/C = 1:1 and (R) casing with M/C = 3:1
than what is presented in this study [21, 22, 60] and the cumulative distri-
butions for the collected fragments in these studies have implemented the
following form:
N(m)dm = Ce
−M
Mk dM (3.2)
where N(m) is the number of fragments with weights between m and m
+ dm, M = m
1
2 , and C and Mk are constants. Mott later expanded on this
form to include the effects of both the casing inner diameter and the casing
thickness using the following equation for the constant Mk:
Mk = Bt
(5/6)d(1/3)(1 +
t
d
) (3.3)
where B is an empirical constant determined through observation of frag-
menting service weapons, t is the casing thickness, and d is the casing inner
diameter [60]. As the casings tested in the present study are smaller in scale
where casing thickness and diameter can influence fragmentation, this equa-
tion is particularly useful. Cooper cites a very similar form to Equation 3.2
and implements the constant Mk as in Equation 3.3, but also provides a form
for the constant, C, in Equation 3.2 as
C =
Mo
2M2k
(3.4)
where Mo is the total mass of the casing and Mk is the constant provided
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in Equation 3.3 [38]. While Mott provides little explanation or data for the
empirical constant, B, Cooper describes it as a constant for a given explosive-
metal pair and provides data from which a correlation can be drawn between
Chapman-Jouguet pressure of the explosive and the empirical constant B for
mild steel fragmenting cylinders. While a value for B is not listed for HMX
or PBXN-9, the provided data is sufficient to get an estimate of B when
implementing HMX as an explosive. If the Chapman-Jouguet pressure for
pure HMX is taken to be 390 kbar from the literature, then the empirical
coefficient B for an HMX-steel pair is determined to be 0.038 lb
1
2 in
−7
16 [61].
For the steel casings tested in this study, the thickness is 1.84 mm, the inner
diameter is 25.46 mm, and the mass is 19.8145 g. Applying these values to
the distribution form shown above, a normalized theoretical fragment weight
distribution can be generated and compared to the experimental steel casing
distribution. The comparison between the theoretical Mott fragment weight
distribution and the experimental steel distribution is shown in Figure 3.28.
Figure 3.28: Comparison of Mott and experimental fragment
distributions for low carbon steel with a Mott coefficient of B =
0.038 for an HMX-steel pair
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Figure 3.28 shows that using the coefficient extrapolated from the empirical
data provided by Cooper decently represents the experimental distribution,
but does not fit it perfectly. The Mott coefficient for pure HMX will likely
be higher than PBXN-9 which only contains 92% HMX and 8% of a plastic
binder. A lower value for the coefficient would provide a better fit, but
would require guessing at what the value might be. However, the form of
the distribution adequately describes the shape of the distribution with the
m
1
2 term fitting better than an exponent of 1 or 1
3
which has been argued for
elsewhere [21].
If the same distribution function with B = 0.038 is applied to the alu-
minum 6061 baseline, the comparison does not match up well as shown in
Figure 3.29. Here, the casing thickness used is 4.81 mm, the inner diameter
is 25.48 mm, and the mass is 19.9108 g. As previously stated, the B coeffi-
cient extrapolated from empirical data is for explosives encased in mild steel.
When applying this value for steel, the distribution grossly misrepresents the
aluminum fragmentation data. If the empirical data of B provided by Cooper
is qualitatively analyzed, one can see that the less powerful explosives, such
as Baratol, have a higher value of B (Baratol, B = .128) while more power-
ful explosives like RDX have lower values of B (RDX, B = 0.0531) [38]. If
we instead lower the value for the Mott coefficient from B = 0.038 to B =
0.0028, the theoretical distribution lines up very well with the experimental
aluminum fragmentation data as shown in Figure 3.30. In relation to the
other empirical data, the modified coefficient could be interpreted as a mild
steel cylinder which encases an explosive with a very high Chapman-Jouguet
pressure. This interpretation is not physical, so the coefficient modification
is better viewed relative to the material properties of the casing. Both the
yield strength and fracture toughness of aluminum are much lower than that
of steel, so if the steel casing is replaced with aluminum it appears as though
the explosive is much stronger relative to the rest of the empirical dataset.
When comparing the experimental distribution with the theoretical, the best
fit occurs when B = 0.0028 lb
1
2 in
−7
16 for the PBXN-9 - Al 6061 pair for explo-
sive and casing material.
Even when the Mott coefficient is a more appropriate value for the Al
6061 material, Figure 3.30 still shows that the accuracy of the theoretical
distribution begins to degrade as the fragment mass decreases. This aspect
of the theoretical formulation was also seen by Mott [21]. Therefore, the
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Figure 3.29: Comparison of Mott and experimental fragment
distributions for the Al 6061 baseline with a Mott coefficient of B
= 0.038 for an HMX-steel pair
above analysis of fragment distributions should not be applied to the fine
fragment distributions that were discussed earlier due to the degradation in
accuracy of the Mott formulation for small fragment sizes.
3.10 Effects of Impact Induced Reaction
The concept of impact induced reaction (IIR) of fragments was proposed in
the introduction chapter. Casing fragments generated following high explo-
sive intiation, especially those of diameter on the order of 1 mm or larger,
have the potential to react upon impact with a hard structure’s interior sur-
faces due to their high velocities. Reaction of these fragments may contribute
to the overall energy release within an unvented chamber such as the one pre-
sented in this study. While this energy release pathway can be beneficial in
certain field applications, it generally does not enhance the initial blast wave
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Figure 3.30: Comparison of Mott and experimental fragment
distributions for the Al 6061 baseline with a Mott coefficient of B
= 0.0028 for an HMX-Al 6061 pair
overpressure or impulse. Thus far, there has been no quantification of the
amount of impact induced reaction in the open literature for reactive casings.
Therefore, measuring the contribution of IIR in the UIUC blast chamber is
necessary to determine the effect of fragment energy release on the overall
quasi-static pressure generated.
As fragments are being formed during casing fracture, the entire casing is
simultaneously expanding at a rapid rate into the ambient environment. It
is worth performing a first order velocity analysis to determine the effects of
drag on the varying sizes of fragments generated by the casing. The Gurney
equation for metal cylinders approximates the initial velocity experienced by
the fragments as they are radially ejected from the blast zone. This model
implements an energy analysis and partitions the explosive’s potential energy
between the metal case and the detonation products driving it outward [62].
The Gurney equation for a metal cylinder is rather simple and the initial
fragment velocity is given by Equation 3.5 below:
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V =
2
√
2E ∗ (M
C
+
1
2
)
−1
2 (3.5)
where M
C
is the mass to charge ratio of the casing configuration, and E
is the Gurney energy of the explosive given in km/s (typically tabulated).
For a casing with M
C
of 2
1
and a PBXN-9 explosive with a Gurney energy of
2.8 km/s, the initial fragment velocity is calculated to be 1.77 km/s. These
properties represent the confinement configuration of the current study. It
is necessary to note that the Gurney velocity is an idealized calculation and
does not take into account escaped detonation gases or energy dissipated in
fragmentation. However, for a first order analysis of fragment expansion the
equation is straightforward and convenient. A simple, 1-D fragment drag
analysis can be performed using the Gurney velocity as an initial velocity,
properties for aluminum 6061 and room temperature air, and the assump-
tion of spherical particles. The drag coefficient at each velocity is deter-
mined through a spherical drag correlation given by Mikhailov and Freire for
Reynolds numbers up to 1 x 105, which is appropriate in this scenario for
aluminum particles up to 1 mm in diameter [63]. This is, admittedly, a sim-
plified scenario compared to the actual casing detonation and does not take
into account reflected shocks or expanding detonation gases, but it does pro-
vide an estimation of fragment velocities in the blast chamber. The results
of the calculation are shown graphically in Figure 3.31.
In the figure, a distance of zero correlates to the location of the initial
charge, while 0.6 m represents the wall of the chamber. The graph shows that
larger particles, as expected, have more momentum to overcome drag forces
and are capable of impacting the wall at very high speeds, while the velocity
of smaller diameter particles is significantly reduced close to the charge. The
dashed line in the figure represents the average impact velocity necessary for
highly-strained aluminum particles to react against a steel plate, taken from
Breidenich et. al [64]. Comparing the necessary impact velocity for reaction
and the diameters of particles collected from the foam capture panel, the
data make a strong case that IIR is largely contributes to the global pressure
rise within the chamber over time.
In order to experimentally measure IIR contribution, the middle portion of
the chamber walls were covered with a 3
8
inch thick neoprene foam. The foam
reduces hard fragment impact and can assist in suppressing the fragment’s
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Figure 3.31: Velocity as a function of distance from the charge for
aluminum particles of varying diameter
impact reaction. The area of foam was limited to the center of each wall
because this is where most of the fragment distribution impacts and covering
the full interior surface area of the chamber may provide erroneous reduction
in QSP if the blast wave energy is prematurely absorbed by unnecessary
foam sheets. Two Al 6061 baseline casings were tested with the foam sheets
in place: one with the normal dowel confinement and one with the heavy
steel confinement. Both arrangements were tested to determine if increased
radial loading affected the amount of impact induced reaction occurring due
to faster fragment velocities. An image of the heavy confinement setup with
foam sheets in the background is shown in Figure 3.32. The figure also shows
post-test front and back photographs of one foam sheet. A typical, natural
fragment size distribution has impacted the foam sheet and larger fragments
have breached the foam to impact the steel wall behind. In the back view of
the foam, fragment impact and rupture is clearly evident from the traces left
by smaller pieces of broken fragments. The foam sheet is a good qualitative
indicator of the amount of fragment impact and breakup.
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Figure 3.32: (L) Heavy confinement assembly with neoprene foam
sheets for reducing IIR, (T) Post-test image of front of foam
sheet, (B) Post-test image of back of foam sheet
The blast results from the reduced IIR tests demonstrate that the peak
overpressure and blast impulse are unaffected by the foam sheets or reduced
amount of fragment impact reaction. The peak pressure and impulse data
for both tests are provided in Figure 3.33. The results shown in the figure
are not unexpected as impact induced reaction occurs over longer time scales
and should not affect the initial blast wave. An increase in peak overpressure
and blast impulse can still be seen in the case of the heavy confinement setup
which indicates, again, that the increased radial loading on the casing helps
contribute to a minor blast enhancement.
More interesting are the energy release results from these tests, which are
given in Figure 3.34. For both the dowel confinement and the heavy steel
confinement the reduction in energy release due to fewer impact reactions
is approximately equal. This result is reasonable considering the casing is
the same material and dimensions in each test and will produce a similar
fragment distribution. If the fragment distribution is more or less consistent
then the amount of fragments with diameters large enough to react upon
impact will be similar and, therefore, the reduction in energy release due
to less IIR will be approximately the same. If, however, the casings are
not the same material or the casings have been geometrically modified, then
the energy release due to impact reactions will vary and will be difficult to
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Figure 3.33: (L) Reduced IIR test peak overpressure comparison,
(T) Post-test image of front of foam sheet, (B) Post-test image of
back of foam sheet
quantify based on the current results. In the case of the Al 6061 baseline
casings, the amount of impact induced reaction appears to be roughly 1
psi, regardless of confinement arrangement. Under heavy confinement, this
reduction accounts for approximately 25% of the total energy release, while
for the dowel confinement the reduction is around 33% of the total energy
release.
The fragments collected from tests performed with and without the neo-
prene foam show dramatic differences in morphology that further corrobo-
rate the experimental pressure data. Figure 3.35 shows a comparison be-
tween fragments collected from the polyethylene foam panel (top row) and
fragments collected from behind the neoprene foam in one of the reduced
IIR tests (bottom row). The morphology of the fragments collected from
the polyethylene is very rugged and rough and contains many surface fea-
tures typical of ductile fracture modes. On the other hand, fragments that
passed through the polyethylene and interacted with the steel wall are more
flat and smooth and contain some cracks and evidence of breakage. The
neoprene fragments were once similar to the fragments captured in polyethy-
lene, but wall interactions completely morphed these fragments. However,
some smaller fragments collected from the neoprene still showed some signs
of ductile fracture surface nodules indicating that these particles did not un-
dergo extreme alteration upon impact. While the impact induced fragment
reactions comprise a large portion of the overall energy release, one must
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Figure 3.34: Reduced IIR energy release comparison between
dowel and heavy confinement setups
remember that IIR can still be a valuable tool at times. There are scenarios,
such as building interiors and bunkers, in which IIR can still play a role in
the enhancement of the overall casing energy release.
3.11 Segmented Energy Release Analysis
Using the data provided by the bare charge as a standard, the energy release
of the other casings can be analyzed to estimate the amount of energy the
casing provides into segmented time periods including early-time prompt
reaction and impact induced reaction. The peak pressure and impulse were
measured during each test and these measurements can be used to estimate
the portion of the total energy release that contributes to the prompt reaction
of the casing. Manfred Held provides a relation between the peak pressure
of a blast wave and the amount of energy required to produce a blast of that
magnitude [65]. The relation is given by Equation 3.6:
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Figure 3.35: Microscopic comparison of fragments collected from
the polyethylene foam panel (top row) and collected from behind
the neoprene impact foam (bottom row)
Pmax = AW
2
3R−2 (3.6)
where Pmax is the maximum blast overpressure in bar, A is a constant,
W is the TNT equivalent charge weight in kg, and R is the distance in
meters at which the peak blast pressure is measured. Held recommends a
value of 4 bar m2 kg
−2
3 for the constant A when using a side-on pressure
measurement. Using the bare charge as a reference, the blast data recorded
during casing detonations can be used to interpret how much of the casing
contributes to the prompt energy release to enhance the initial blast wave.
The calculated prompt blast energy release of selected tests relative to a bare
charge of PBXN-9 is found in Figure 3.36. The figure shows that many tests,
primarily the baselines and less reactive alloys, don’t provide enough early
time energy release to compete with a bare charge. However, the reactive
component alloys and the embedded mesh casing outperform the bare charge
in terms of prompt energy release.
The calculated prompt energy release does not account for the total en-
ergy release measured from the experimental QSP. The remaining energy
release can be attributed to both impact induced reaction of fragments and
long-duration reaction of the aluminum. If the approximate contribution of
impact induced reaction is accounted for using the values measured during
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Figure 3.36: Comparison of calculated prompt energy release
from measured peak overpressure
reduced IIR tests, the total energy release for the baseline casings can be
segmented to show how much is due to prompt release, impact reaction, and
prolonged material reaction. Unfortunately, reduced IIR tests have not yet
been performed for alloy casings and, therefore, only the baseline casing en-
ergy release values can be segmented with confidence in this manner. The
segmented analysis is shown in Figure 3.37.
Figure 3.37 first shows the segmented analysis of the bare charge which
indicates that about 35% of the total energy release of the PBXN-9 is due to
afterburn of the explosive material. The inert steel casing contributes neither
prolonged energy release nor impact induced reaction and only leaches energy
from the explosive material. More interestingly, it seems that the heavy
confinement configuration for the baseline casing provides a more sustained
reaction of aluminum material than that of the lighter dowel confinement.
This segmented energy analysis is valuable for quantifying how much energy
is released in various stages of enclosed chamber casing testing. This analysis
is ongoing and further tests with alloy and geometrically modified casings
must be performed.
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Figure 3.37: Comparison of segmented energy release for baseline
casings
3.12 Effects of Explosive End Confinement
The effects of explosive end confinement are important in reactive casing
testing because the amount of detonation gases escaping from the ends of the
charge can influence the amount of radial loading on the casing. If detonation
products readily escape the top and bottom of the charge then the casing
experiences less of a radial loading which can influence both fragmentation
and amount of casing reaction. However, if the detonation products are well-
confined then nearly all of the expansion of the gases contributes to radial
loading of the reactive casing. These effects are of interest for future casing
studies and became a topic of experimental exploration in the present study.
Nearly all the experiments conducted in this study employed explosive
end confinement with a dowel-spring arrangement as discussed in the ex-
perimental methods chapter. The dowel confinement design was simple and
convenient to assemble and load, but did not offer the downward pressure
necessary to confine the detonation gases for a significant amount of time.
The heavy confinement setup, also discussed in detail earlier, provided more
active force against the casing, thereby restricting the expanding detonation
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products for a longer period of time. In addition to these two configurations,
a final confinement arrangement was tested with nearly negligible force on
the casing. The light confinement assembly simply consisted of a bottom
dowel rod and a PVC plastic casing holder with no active downward force.
This design was meant to provide a lower bound on the effects of explosive
end confinement, while the heavy steel confinement provides more of an up-
per confinement bound. The effects of each confinement arrangement can
be seen in Figure 3.38 below. Each of the images in the figure is taken at
15 µs and represents the initial breakout of the casing after high explosive
initiation. The PVC confinement allows more detonation products to escape,
especially compared to the heavy confinement setup which confines nearly
all the gases. The dowel confinement falls between the two bounds and does
an adequate job of containing the detonation products.
Figure 3.38: Comparison of casing breakout with different end
confinement arrangements. Each image is recorded at 15 µs
The pressure results are in agreement with the conclusions inferred from
the imaging results. Figure 3.39 demonstrates the end confinement effect
in terms of relative peak overpressure. The PVC confinement provides a
reduced radial load on the casing which actually contributes to a decreased
peak overpressure on the order of 8.5%. This decrease could be due to less
confinement of the detonation gases or a reduction in aluminum combustion,
but it is likely a combination of the two. The heavy confinement arrangement,
as predicted, increases the peak overpressure by almost 5%. Again, a longer
confinement time of the detonation products and a stronger radial loading
on the casing are likely the cause of this increase. Confinement effects, then,
can affect the peak overpressure within an overall range of nearly 13%, which
is a significant variation when performing small scale casings in a laboratory
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environment.
Figure 3.39: Relative peak overpressure comparison of Al 6061
confinement effects
While the peak overpressure increase is more subtle, the difference in over-
all casing energy release due to confinement effects was more drastic. The
energy release comparison is shown below in Figure 3.40. The total energy
release when implementing the negligible PVC confinement is much lower
than the other two confinement setups. The dowel confinement increases
the total energy release by approximately 170% and the heavy confinement
increases the total energy release over the PVC confinement by nearly 340%.
While this increase is considerable, it must be viewed through the lens of to-
tal casing enhancement. While there is a significant increase in total energy
release within the chamber due to heavier confinement, the increase seen ear-
lier in peak overpressure of the blast wave was more subtle. For such a large
increase in energy release, one might expect to see more of an enhancement
in the initial blast wave. Therefore, it is believed that the increase in energy
release is partly due to increased impact induced reaction as confinement in-
creases. Under heavier confinement, the casing experiences a stronger radial
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loading which increases the velocity of the fragments relative to the case of
negligible confinement. These faster fragments have are more likely to react
upon impact with the chamber walls and rapidly contribute to the global
pressure rise in the chamber.
Figure 3.40: Casing energy release comparison of Al 6061
confinement effects
The role of end confinement was also tested on the Al 7068 alloy described
in a previous section. The results of the enhancement of the initial blast
wave due to confinement are shown in Figure 3.41 alongside the confinement
energy release results. The increase in peak overpressure and energy release
was very similar for both the Al 6061 and Al 7068 alloys. Each alloy had a
slight increase in overpressure on the order of a few percent and an energy
release enhancement of roughly 64%.
The effects of explosive end confinement are not negligible and should be
taken into consideration when designing enhanced blast weapons for field ap-
plication or conducting reactive casing laboratory experiments. An enhance-
ment to the initial blast wave has been shown due to confinement effects,
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Figure 3.41: Casing peak pressure and energy release comparison
of confinement effects
but the role of confinement in total energy release is still hazy due to the
possibility of increased impact induced reaction.
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CHAPTER 4
CONCLUSIONS
A set of 48 experiments were conducted in order to provide insight into the
factors and underlying phenomena that contribute to increased reactivity of
aluminum-based structural energetic materials for enhanced blast applica-
tions. An established Al 6061 reactive baseline was compared to both an
inert steel baseline and various categories of casing and confinement modi-
fications. The following conclusions have been drawn from analysis of the
experimental data:
 The inert steel baseline consumes approximately 45% of the total high
explosive energy available through fracture and acceleration of casing
fragments. The established reactive aluminum 6061 baseline casing
releases, on average, only 6% of its total potential energy under high
explosive loading in air. While this may appear to be a small fraction,
it amounts to a total of 3.25 kJ/g on a casing mass basis which is
equivalent to a nearly 2x increase in high explosive mass in the system.
 Testing an Al 6061 baseline casing in a primarily inert environment (6%
O2, balance N2) provided very little pressure increase, demonstrating
that the reactivity of structural reactive casings is dominated by aer-
obic combustion within the ambient atmosphere as opposed to within
the expanding detonation gases. This result has strong implications for
the amount of mixing that must occur with small, hot fragments im-
mediately following casing fracture to provide increased energy release
on time scales necessary for blast enhancement.
 Internal steel confinement was shown to decrease blast performance of
reactive casings as it shielded the reactive material from the hot deto-
nation products of the high explosive. On the contrary, external steel
confinement provided increased aluminum combustion when only the
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mass of aluminum was considered. Thicker external steel confinement
provided increased amounts of aluminum reaction relative to thinner
confinement. If the casing mass as a whole was taken into account,
including steel, the external steel confinement casings were mediocre in
terms of performance. However, this type of casing could prove useful
if a hardened exterior is required.
 Alloys with lower fragmentation toughness were predicted to generate
enhanced blast effects due to smaller fragment sizes, but only per-
formed on par with the Al 6061 baseline casings. Aluminum casings
containing reactive alloy additions such as magnesium and lithium far
outperformed the baseline in terms of overall energy release, increased
peak overpressure, and larger values for blast impulse. The reactive
components in the alloy reduce the ignition temperature and provide
additional heat to encourage fragment ignition.
 Geometric modifications made to the baseline casing were designed to
exploit the detonation shock produced by the high explosive. These
variations were found to be more effective in enhancing the initial blast
than alloying additions. Each geometric variation tested increased the
peak pressure and impulse, as well as the overall energy release within
the blast chamber. The axial hole and embedded tungsten mesh designs
were shown to be the best performers in the geometric modification
category due to their ability to increase turbulent mixing outside the
casing early after detonation.
 Fragments with diameters on the order of 1 mm or larger were captured
using polyethylene foam panels and compared using a cumulative mass
distribution analysis. These comparisons were interesting in the fact
that some poor performance casings generated finer fragmentation dis-
tributions than most high performance casings. It was determined that
fragments with diameters on this length scale primarily contributed to
impact induced reaction rather than enhancing the initial blast param-
eters.
 A more in-depth analysis of casing fragmentation was performed on fine
fragments captured using a vacuum tube apparatus. The SEM/EDS
analysis carried out on these fragments linked casing performance to
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very fine particle distributions. Casings which enhanced the peak over-
pressure and blast impulse were seen to relatively larger amounts of
fragments with diameters on the order of 10 µm or less which release
energy very quickly just after high explosive initiation.
 A brief examination of the effect of varying charge to mass ratio showed
that the overall casing energy release decreases as the mass of the cas-
ing increases relative to the explosive mass. The fragment distributions
corroborated this showing that heavier casings skew towards larger frag-
ments which are more difficult to ignite and do not burn quickly enough
to contribute to blast enhancement.
 The study attempted to quantify the effect of impact induced reaction
within the chamber to assess how much this contributed to overall
casing energy release. Neoprene foam was placed on the walls during
selected Al 6061 baseline tests in order to slow the fragments and reduce
impact ignition at the wall. For two separate baseline tests the amount
of energy contributed from impact induced reaction was at least 1.3 - 1.7
kJ/g, which amounts to approximately 3-4% of the overall casing energy
conversion. The quantification of this effect may hold for naturally
fragmenting Al 6061 casings but will likely deviate for other alloys or
geometric modifications, which can produce more unique fragmentation
patterns.
 Several confinement assemblies were tested in an attempt to quantify an
upper and lower bound on the effects of explosive end confinement. A
negligible PVC casing confinement was implemented as a lower bound.
The medium and heavy end confinement setups increased the peak
overpressure over the negligible confinement by 8.5% and 13%, respec-
tively. The increase in overall energy release was more dramatic, with
the medium confinement increasing the energy release by 170% and
the heavy confinement providing an increase of nearly 340%. However,
it was also noted that some of this total energy release increase may
be due to impact induced reaction of high-speed fragments. The in-
crease in energy release appeared to be nearly linear and may be able
to be correlated if more experiments are carried out with specific end
confinement loadings. The effects of end confinement are considerable
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and must be taken into account when performing enclosed studies of
reactive casings.
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CHAPTER 5
RECOMMENDATIONS FOR FUTURE
WORK
The results of the application-driven study presented here have provided
insight into the factors which contribute to performance enhancement of
aluminum-based structural energetic materials. However, there remains work
to be done in this area of study that can provide additional insights for
future design of enhanced blast weapons. The recommendations outlined
below provide direction for future work to be carried out for reactive casing
research.
It was shown earlier that end confinement of the explosive charge can
significantly influence the overall conversion efficiency of the casing reaction.
In order to better compare the full energy yield between casings, the heavy
confinement setup should be implemented for future tests. The confinement
arrangement can be improved and tailored using springs of various stiffness
and the insertion of the reactive casing can be made easier through design
iterations of the steel confinement pieces and spring tension system.
The aspect of scaling effects has gone largely overlooked in this initial ex-
ploratory study, but is key when considering future casing design and transi-
tioning the research to application in the field. In the size scales considered
in this experimental setup, the detonator no longer acts as more of an ideal
detonation point source as it would in a larger weapon casing configuration.
Additionally, many of the casing modifications in this study that showed
marked improvement were primarily driven through shock processes. The
axial hole and embedded tungsten mesh designs are examples of this. As
these types of modifications are scaled down to adequately test in the blast
chamber, the length scales of the casing start to become more important.
For instance, the diameter of the axial holes to the inner or outer diameter of
the casing becomes important during scaling and more experimental data is
necessary to determine how this affects the casing performance. The shock
processes, such as jetting of the axial holes, also have a time scale associated
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with them that may be affected by the size of the chamber and the reflected
shock reverberations that occur due to the chamber walls. As scaling is
considered, the time scales associated with the various casing modifications
should be considered as well. It may do well to perform scaled casing tests
in the newly constructed, large steel quonset hut chamber.
The role of casing microstructure was only examined in brief during this
study. The casing’s microstructure and mechanical properties greatly con-
tribute to the expansion and fragmentation of the reactive cylinder, which
in turn has been shown to significantly effect casing performance. Further
quantitative analysis of the microstructural effects is crucial in gaining a
more fundamental understanding of high performance configurations. Me-
chanical testing, including tensile and hardness testing, of casing materials
can quantitatively add to the understanding of microstructure and may pro-
vide correlations to enhanced performance. This is an area of research that
can be readily performed with a selected number of new casing tests alongside
data previously collected during the present study.
Further exploratory research can be performed to optimize casing varia-
tions. For instance, new axial hole patterns can be manufactured to enhance
the jetting instability formed, or new external confinement casings can be
tested using higher density materials like tungsten to provide a more dra-
matic shock impedance mismatch and produce a stronger reflected wave.
Additionally, other alloy materials that react with nitrogen appear promis-
ing for reactive casing applications. Competition for ambient oxidizer and
a low oxygen balance within the detonation products creates a challenging
environment for complete fragment combustion. However, if the fragments
were able to more easily react with nitrogen then the combustion efficiency
can be dramatically improved.
An attempt was made in this study to collect fine fragments entrained in
the blast wave flow for fragmentation analysis at two points within the cham-
ber. With this approach, one cannot collect a correct size distribution during
every test, but some additional fragment information is gathered. An itera-
tion on the fragmentation collection techniques outlined in previous chapters
can be beneficial to improve the amount and quality of fragment collection.
Additional diagnostics, such as a stereo digital image correlation technique,
would be helpful to better examine casing expansion and fragmentation un-
der high strain rate loads. Such diagnostics would provide more quantitative
94
data from the high speed framing cameras in order to improve the quality of
the casing research. Finally, supplementary modeling of various aspects of
the casing study would aid in analysis and comparison of the experimental
results. More detailed analytical studies of fragmentation at the microscale
and interactions between fragments and explosive detonation products would
support future design decisions and research direction.
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APPENDIX A
DRAWINGS FOR MACHINED PARTS
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APPENDIX B
INFORMATION FOR CASING TESTS
This appendix provides test numbers, configurations, and dimensions for all
tested casings.
Table B.1: Information for Each Tested Casing
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APPENDIX C
IMAGES OF FOAMS AFTER
FRAGMENTATION
This appendix provides images of the polyethylene fragment capture foams
from each test. The polyethylene capture panel consisted of 2 two inch thick
polyethylene sheets. The front of each sheet is shown side-by-side for each
test. The panel on the left is the panel that the fragments initially passed
through. The sheet on the right was the back panel that primarily captured
large fragments that passed through the first sheet.
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APPENDIX D
IMAGES OF WINDOWS AFTER
FRAGMENTATION
This appendix provides images of all the protective fragmentation windows
installed in the chamber during each test to protect the chamber window
facing the high speed framing cameras. These images can be compared to
obtain a qualitative intuition as to how the casings fractured and what the
fragmentation spray looked like.
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